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Diurnal changes in large-bowel metabolism : short-chain fatty 
acids and transit time in rats fed on wheat bran 
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To investigate diurnal changes in large-bowel metabolism rats were fed once daily on a cooked maize- 
based diet without or with 200 g wheat bran/kg diet and containing Cr,O, as an indigestible marker. 
After 17 d four rats on each diet were killed a t  4, 10, 16 and 22 h postfeeding. Emptying of dry matter 
(DM) from the stomach occurred by an apparently zero-order process a t  about 0.5 g/h in both diet 
groups. Feeding wheat bran had little effect on caecal pH or total short-chain fatty acid (SCFA) 
concentration but was associated with a marked increase in molar proportion of butyrate and a fall in 
propionate. There were substantial changes in caecal total SCFA concentration and in the molar 
proportions of individual SCFA throughout the day but no evidence of an interaction between diet and 
time interval after feeding. Caecal transit time (TT) was significantly reduced by feeding wheat bran 
whilst colonic TT was unaffected. Although when averaged across both diets there were no significant 
time effects on caecal or colonic TT, there was a significant diet x time interaction for caecal TT. The 
extent of coprophagy was measured. The proportion of stomach DM derived from ingested faeces 
increased with time interval after feeding but it was always a minor contribution so that in these 
circumstances coprophagy is unlikely to result in significant bias in estimates of digesta flow-rates or TT. 

Large-bowel fermentation: Transit time: Wheat bran: Short-chain fatty acids 

The rat is widely used as a model for man in studies of large-bowel metabolism that require 
invasive techniques and in evaluating food components or treatments which may not yet 
be licensed for human use. In some such studies the animals are fed once daily with 
measurements of large-bowel metabolism made at one time during the day, e.g. Goodlad & 
Mathers (1990) and Mathers & Dawson (1991). Thus, it is an implicit assumption of such 
studies that there is no diurnal variation in large-bowel metabolism (i.e. that dietary effects 
persist throughout the day) or, if there is, that changes occur similarly for all treatments. 
The occurrence of significant time interval after feeding x treatment interactions could have 
serious implications for the interpretation of data in the literature and for the design of 
future experiments. 

In the present experiment rats were fed once daily on diets with and without wheat bran 
which is a rich source of non-starch polysaccharides (NSP) and known to alter both the 
bacterial endproducts of large-bowel fermentation (Cheng et al. 1987) and gastrointestinal 
transit time (TT; Miiller-Lissner, 1988). Identical procedures were used to characterize 
large-bowel metabolism in animals killed 4, 10, 16 and 22 h after feeding. The hypothesis 
to be tested in the present study was that the pattern of caecal short-chain fatty acids 
(SCFA) and estimates of TT, based on the indigestible marker Cr,O,, would be 
independent of the time of killing. It was anticipated that with once-daily feeding there 
would be marked diurnal variation in stomach contents, making estimates of TT for 
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proximal gut compartments of limited value and focusing interest on the large bowel which 
may receive a more continuous input of digesta from the ileum. Validity of the calculation 
procedure for TT used in the present experiment (Faichney, 1975; Goodlad & Mathers, 
1987) requires that for the compartment under investigation the rates of marker inflow and 
outflow are approximately equal and constant (Warner, 1981). In addition, the procedure 
devised by Mathers & Dawson (1991) was used to quantify coprophagy to enable the likely 
impact of this behaviour on estimates of digesta flow-rate through the gut and on TT to 
be assessed. 

A preliminary account of part of the present study has been published (Mathers & Fotso 
Tagny, 1989). 

M A T E R I A L S  A N D  M E T H O D S  

Diets and feeding 
Two diets based on cooked maize grain were prepared, with wheat bran (WB) included in 
one diet at the expense of sucrose, casein and egg albumen to maintain similar dietary 
protein concentrations (Table 1). Cr,O, was included as an indigestible marker. Each 
animal was offered 15 g air-dry diet at 10.00 hours daily. Water was available ad lib. 

Animals, housing and experimental protocol 
Thirty-two male Wistar rats (initial weight 170-190 g) were housed in individual 
metabolism cages (Thomson, 1970) and allocated at  random to one of the experimental 
diets. After 10 d adaptation, food intake and faecal output were measured for 7 d. Faeces 
were collected daily just before feeding and stored at - 20" before freeze-drying. Animals 
were weighed at the beginning and end of this 7 d balance period. 

Following this, four rats on each diet were slaughtered at 14.00, 20.00, 02.00 and 08.00 
hours, i.e. 4, 10, 16, 22 h after presentation of the final meal. The stomach, small intestine 
(SI), caecum and colon were removed and weighed. Caecal pH was measured and a sample 
of contents removed for SCFA analysis. Samples of digesta were taken from the stomach, 
caecum and colon whilst the entire SI contents were flushed out using a syringe filled with 
distilled water. The empty gut compartments (excluding the SI) were washed, blotted dry 
and weighed. Tissue dry weights were obtained after freeze-drying. 

Analyses 
Caecal contents were deproteinized by mixing with metaphosphoric acid solution (200 g 
HPO,/l containing 50 m~-3-methylvaleric acid as internal standard) and the supernatant 
fraction analysed for SCFA by packed column GLC (Mathers et al. 1990). Cr,O, in diets, 
digesta and faeces was determined by atomic absorption spectrophotometry after dry 
ashing and solubilization of the Cr in the residue by heating with an acid mixture (30 ml 
MnSO, solution (100 g/l) diluted to 1 1 with 15 M-H,PO,) and KBrO, (45 g KBrOJl) as 
described by Mathers et al. (1990). Organic matter was estimated by heating at 500" for 
16 h. 

Calculations 
Apparent digestibility was calculated from total collections of food and faeces and by the 
marker ratio method. Caecal and colonic TT were calculated as the mass of Cr present in 
the organ divided by Cr intake rate (Faichney, 1975; Goodlad & Mathers, 1987), i.e. 

mass of DM in organ x Cr,O, concentration in digesta DM 
daily food DM intake x Cr,O, concentration in dietary DM ' 

From concentrations of Cr in the diet, faeces and stomach contents, the proportion of 
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Table 1. Composition of experimental diets 

Diet . . . -WB + W B  
~~ ~~ 

Maize* 600 600 
Wheat bran? 0 200 
Casein 55 40 
Egg albumen 5s 40 
Maize oil 50 50 
Premixf 50 so 
Methionine 3 3 
Tryptophan 1 1 
Sucrose 186 16 

~. 

- WB, without wheat bran; + WB, including wheat bran. 
* Plate maize (Carlton Bros. Ltd., Seaton Delaval, Northumberland) autoclaved at 15 Ib/in2 for 10 min, dried 

t Ground to pass 1 mm screen. 
$ Contained (g/kg premix): CaHPO, 340, KCI 62, NaCl26, MnSO,. 7H,O 4, FeSO,. 7H,O 1.5, ZnSO, .7H,O 

1.1, choline chloride 27, and (mg/kg premix) KI 4, CuCI,.2HZO 160, Rovimix AD, SOO/lOO (Roche) 200, 
Rovimix E5O absorbate (Roche) 1200, niacin 400, calcium pantothenate 100, pteroylmonoglutamic acid 15, 
menadione 10, riboflavin SO, thiamin 40, pyridoxine 120, cyanocobalamin 1 plus 40 g Cr,O,/kg (as non-absorbed 
marker) and sucrose to make to 1 kg. 

at 60" and ground to pass a 1 mm screen. 

stomach DM derived from the diet (as distinct from ingested faeces) was determined 
(Mathers & Dawson, 1991) as: 

S-F 
D-F'  

where D, S, F a r e  concentrations of Cr,O, in DM of the diet, stomach contents and faeces 
respectively. We have recently become aware that a similar procedure was used by Gidenne 
& Poncet (1985) to make quantitative estimates of caecotrophy in the rabbit. 

Statistical procedures 
Data were examined by two-way analysis of variance with diets and time of killing as the 
two factors. Responses to time of killing were described by orthogonal polynomials. In 
some cases, whilst overall effects of time or diet x time were not significant (P > 0.05), one 
of the orthogonal components of these factors was significant and when this occurred 
mention is made in the text. 

R E S U L T S  
Food intake, growth rate und digestibility of diets 

Virtually all the food offered was eaten by all animals and the 2.7 g difference in DM intake 
over the 7 d balance period (Table 2)  is due to the higher DM content of the diet without 
WB ( - WB ; 93 1 v. 908 g DM/kg diet for - WB and + WB diets respectively). Animals 
consuming the + WB diet gained only 0.77 of the body weight of those fed on the - WB 
diet as a consequence of the lower D M  intake but also of the reduced digestibility of the 
+ WB diet (Table 2). Faecal DM output was more than doubled by including WB in the 
diet. The proportion of orally-administered Cr,O, recovered in faeces was similar for both 
diets (1.09 and 1.07 (SE 0.013) for -WB and +WB respectively) and there was little 
difference in apparent digestibility whether calculated by the total collection or marker 
ratio method (Table 2). 

https://doi.org/10.1079/BJN
19940128  Published online by Cam

bridge U
niversity Press

https://doi.org/10.1079/BJN19940128


212 J. C. M A T H E R S  A N D  J.-M. F O T S O  T A G N Y  

Table 2. hitake, faecal output, digestibility and live-weiglit gain by rats given cooked- 
maize-based diets without (- WB) or \t ith 200 g wheat branlkg diet (+ WB)? 

(Means for sixteen rats per diet) 
~~ 

StdtlbtlCdl 
signihcdnce 

Diet - W B  + W B  S t M  of diet effect 

*** 
*** 
*** 

DM intake (g/7 d) 97. I 94.4 0.045 
Faecal DM output (g/7 d )  7.7 15.3 0.15 
Faecal DM output (g/kg DM 79 162 1.5 

Apparent digestibility 
intake) 

*** 
*** 
*** 
*** 
*** 

DM 0.927 0.848 0.00 I4 
0921 0838 0.00 14 D M I  

OM 0927 0,848 0.00 1 2 
Ash 0.868 0.794 0.0056 

Wt gain (g/7 d) 36.9 28.5 0.87 
. ~ ~~~ ~ 

DM, dry matter; OM, organic matter. 
*** P < 0.001. 
t For details of diet composition, see Table I ,  
$ Marker ratio method was used to calculate digestibility; all other digestibilities were calculated by total 

collection method. 

Gastrointestinal organ niasseb 
When averaged over all killing times, rats fed on WB had heavier gut compartments 
(significantly so for the stomach and colon; Table 3) There was no convincing evidence that 
feeding WB increased gut tissue masses (indeed, there was significantly less caecal tissue 
DM for the + WB rats; Table 4) so that the greater gut weights could be attributed to more 
digesta. For the stomach, caecum and colon, feeding WB was associated with a higher 
water content in digesta and only for the colon was significantly more D M  recovered in 
+ WB animals (Table 3 ) .  

For stomach and SI, several variables showed significant diet x time interactions (Table 
3). At 4 h after feeding, the stomachs of + WB rats were heavier, because of larger amounts 
of digesta, than those of -WB rats. With time there was a significant ( P  < 0.001) 
curvilinear decline so that by 22 h after feeding only traces of digesta remained in the 
stomach for both diet groups. The proportions of DM in stomach digesta fell with time 
interval after feeding for - WB rats but remained constant (and lower) for the + WB rats. 
SI weight for the -WB animals increased between 4 and 10 h post-feeding and then 
declined, whereas in the + WB group S1 mass was greatest at 4 h and declined thereafter. 

There were no significant diet x time interactions for the caecum or colon. For the 
caecum the masses of the whole organ, tissue and wet digesta changed quadratically with 
time interval after feeding, with peaks at about 10 h. Trends for the colon were similar but 
the effects were not significant because of greater inter-animal variation. Colonic digesta 
tended to increase in moisture content (P < 0.05) with time interval after feeding, especially 
for the - WB group. 

Caecal fernzentation 
Although not statistically significant, caecal pH tended to be lower in + WB animals (Table 
5) .  There was a significant ( P  < 0.05) quadratic response in caecal pH with lowest values 
10-16 h following feeding and values at 22 h slightly higher than at 4 h. Total SCFA 
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Table 3. Gastrointrstinul orgun and contents weights from rats given cooked-maize-based 
diets without (- WB) or with 200 g wheat brunlkg diet (+ WB)t 

(Means for four rats per treatment) 
_. ~~ 

~ . -  - . .. ... ~ 

Statistical 
significance 

of effects of: 
Diet . , . -WB + WB 

Time (h) after feeding ... 4 10 16 22 4 10 16 22 SEM (D)  (T) D x T  

Stomach 

Diet Time 

.. ~~~~ ~~ 

Total organ (g) 20.7 9.8 5.1 1.9 24.2 10.6 5.0 1.8 0.53 * *  *** ** 
Digesta wet wt (g) 19.3 8.5 3.6 0.3 22.7 9.1 3.6 0.4 0.52 * ***  ** 
Digesta dry wt (g) 9.3 3.8 1.4 8 8.4 3.6 1.3 1: 0.26 NS ***  NS 
Proportion of DM in digesta 0.48 0.45 0.38 f 0.37 0.39 0.37 f 0.011 *** *** *** 

Total organ (g) 7.7 8.5 8.3 6.9 9.3 9.0 7.9 6.5 0.35 NS *** * 
Digesta dry wt (g) 0.52 0.43 0.44 0.21 0.86 0.80 0.58 0.26 0.039 *** ***  *** 

Total organ (g) 3% 4.49 3-85 3.45 3.63 4.57 4.10 3.76 0.233 N S  ** N S  
Digesta wet wt (g) 3.02 3.56 2.86 2.60 2.70 3.64 3.22 2.88 0.21 I NS ** NS 
Digesta dry wt (g) 0.64 0.87 0.70 0.62 0.55 0.75 0.67 0.59 0.061 NS ** NS 

Sinall intestine 

Caecum 

Proportion of DM in digesta 0.21 0.24 0.25 0.24 0.20 021 0.21 0.20 0.009 *** NS NS 
Colon 

Total organ (g) 3.20 4.1 1 2.53 2.96 3.89 4.04 3.82 4.36 0.428 * NS NS 
Digesta wet wt (g) 1.90 2.37 1.50 1.30 2.42 2.54 2.51 2.80 0.373 * NS NS 
Digesta dry wt (g) 0.84 1.02 0.60 0.61 0.93 0.94 0.79 1.04 0.162 NS NS NS 
Proportion of DM in digesta 0.44 0.43 0.40 0.37 0.38 0.38 0.32 037 0.019 *** * NS 

-~ 
~ 

_. . -. 
~~ ~ ..- 

DM. dry matter; NS, not significant. 
* P < 0.05, ** P < 0.01, *** P < 0.001. 
t For details of diet composition, see Table 1. 
f Insufficient sample for analysis. 

Table 4. Gilt tissue weights in rufs given cooked-n?ai;e-hased diets without (- WB) or with 
200 g wheat branlkg diet (+ WB)t 

(Means for sixteen rats per diet) 

Statistical significance 
Diet . . .  -WB + w B  SEM of diet effect 

Tissue wet wt (g) 
Stomach 1 44 147 0026 NS 
Caecum 0 93 091 0017 NS 
Colon 1 3 5  146 0047 NS 

Stoindch 0 36 035  0008 NS 
Small intestine 157 154 0 140 NS 
Caecum 0 25 022 0007 ** 
Colon 0 34 037 0017 NS 

Tissue dry wt (8) 

-~ 

NS, not significant 
* *  P < 0 0 1  

For details of diet composition, see Table 1 
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Table 5. Digesta p H  and concentrations, molar proportions and pool sizes of short-chain,fattv 
acids (SCFA) in the caecum of rats given cooked-maize-based diets without (- WB) or with 
200 g wheat branlkg diet (+ WB)t 

(Means for four rats per treatment) 
~- ~.-. - ~~ 

Statistical signifi- 
cance of effects 

Diet . . . -WB + WB 
Time-interval (h) - Diet Time 
after feeding.. . 4 10 16 22 4 10 16 22 SEM (D) (T) D x T  

PH 
Total SCFA (mmol/kg 

Molar proportions of 
caecal contents) 

individual SCFA 
(mmol/mol) 

Acetate 
Propionate 
Isobutyrate 
Butyrate 
Isovalerate 
Valerate 

Acetate 
Propionate 
Isobutyrate 
Butyrate 
Isovalerate 
Valerate 
Total SCFA 

SCFA pool (ymol/rat) 

6.1 5.9 5.9 6.2 5.9 5.7 6.0 6.1 
156 165 153 108 159 155 133 123 

632 648 641 617 636 654 632 583 
217 191 208 170 137 128 142 143 

17 15 10 16 15 I 1  14 14 
102 118 112 157 184 183 182 220 
17 14 13 24 18 13 19 26 
16 15 16 16 10 10 12 13 

298 374 284 172 272 369 273 207 
102 116 94 47 60 73 62 51 

8 9 5 5 7 6 6 5  
48 69 48 45 80 104 78 78 

8 8 6 7 8 7 8 9  
8 9 7 5 4 6 5 5  

471 584 444 281 430 566 431 355 

NS, not significant. 
*P<O.O5, * * P < O . O I ,  ***P<O.OOl. 
t For details of diet composition, see Table I .  

0.1 1 
8.6 

18.2 
13.6 
2.3 

12.8 
2.4 
I .2 

24.8 
14.2 

I .3 
8.6 
1.3 
0.9 

45.2 

NS 
NS 

NS 

NS 

NS 

*** 

*** 

*** 

NS 

NS 

NS 

NS 

** 

*** 

** 

~ 

~ 

~ 

* NS 
*** NS 

NS NS 
NS NS 
NS NS 
** NS 
*** NS 
NS NS 

*** NS 
* NS 

NS NS 
* NS 

NS NS 
NS NS 
*** NS 

Table 6. Transit times (h)  of the marker chromic oxide in the large b o w l  of  rats given 
cooked-maize-based diets without (- WB) or with 200 g wheat hranlkg diet (+ WB)? 

(Means for four rats per treatment) 

Statistical significance 
Diet ... - WB + WB of effects of: 
Time-interval (11) 
after feeding.. . 4 10 16 22 4 10 16 22 SEM Diet (D) Time (T) D x T  

- -.- - .. - __ 

Caecum 11.3 15.0 12.4 11.1 8-4 8.4 7.6 7.1 1.32 *** NS * 
Colon 13.7 17.5 11.0 11.8 12-9 13.3 9.5 11.7 2.09 NS NS NS 
Large bowel 25.0 32.5 23.4 22.9 21-3 21.7 17.1 18.8 2.15 *** NS * 

NS, not significant. 
* P < 0.05; *** P < 0.001. 

For details of diet composition, see Table 1. 

concentration showed the opposite response with a peak ( I  60 mmol/kg caecal contents) 
at 10 h postfeeding falling to 115 mmol/kg caecal contents at 22 h. Consumption of WB 
was accompanied by marked changes in the relative proportions of caecal SCFA, with a 
5 1 %  increase in butyrate and reductions of 43 and 40% in propionate and valerate 
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t ISEM 

5 

0- 0 
4 10 16 22 

. ISEM 
0 

Colon 
(d) 

0 

0 

0 

0 

4 10 16 22 
Time-interval (h) after feeding 

Fig. 1. Estimates of transit time through the (a) stomach, (b)  small intestine, (c) caecum and ( d )  colon of rats from 
measurements made at various time-intervals after feeding. Points are means for eight animals consuming diets 
with and without 200 g wheat bran/kg diet. For details of diet composition, see Table I .  

respectively. When averaged across both diets, molar proportion of acetate showed a 
quadratic ( P  < 0.05) response with time interval after feeding, peaking around 10 h, 
isovalerate showed the opposite response, whilst the molar proportion of butyrate 
increased linearly ( P  < 0.01) with time. 
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Caecal SCFA pool sizes were calculated as the product of SCFA concentrations (Table 
5) and wet weight of contents (Table 3). There were no significant ( P  > 0.05) diet x time 
interactions for these variables. At peak (10 h postfeeding) the caecum of each rat 
contained almost 0.6 mmol SCFA, but values were about 50 YO lower at 22 h after feeding. 
This curvilinear response was seen with each of the major acids (acetate, propionate and 
butyrate) but time effects were not significant ( P  > 0.05) for isobutyrate, isovalerate and 
valerate. On average, rats fed on WB had a caecal butyrate pool 1.62 times that of the 
- WB group but only 0-69 of their propionate pool size. 

Large-bowel transit time 
Rats fed on WB had caecal TT which were on average 37 'YO less than those on diet - WB 
(Table 6) .  There was a significant ( P  < 0.05) diet x time effect for caecal TT with rats fed 
on diet - WB having a prolonged TT at 10 h after feeding compared with other times, 
whilst there was no significant effect of time for the WB-fed animals. Colonic TT was 
similar to that for the caecum for the - WB group but greater for the colon than for the 
caecum for + WB animals. Diurnal changes in colonic TT tended to be similar to those seen 
in the caecum but none of the effects was statistically significant. For the whole large bowel 
(caecum+colon), TT was, on average, 6 h longer for the - WB rats ( P  < 0,001) with diet 
means (h) of 26.0 ( -  WB) and 19.8 (+ WB). There was no significant diet x time interaction 
but, when averaged across both diets, large-bowel TT showed a significant curvilinear 
relationship with time interval after feeding ( F  ( 1 ,  24) for cubic effect was 7.35 ; P < 0.025) 
with the greatest TT at 10 h postfeeding. 

Copr ophugy 
There was sufficient digesta in the stomach at 4, 10 and 16 h after feeding to allow 
estirnation of Cr,O, concentration and, therefore, calculation of the proportion of stomach 
contents DM which was derived directly from ingested food using the procedure described 
by Mathers & Dawson (1991). At the earliest killing time (4 h after feeding) virtually all the 
DM (mean 1.00, range 0.99-1.02) was derived directly from ingested food and, although 
this proportion declined with time, by 16 h postfeeding this proportion had only fallen to 
0.95 (range 09-0.99; Fig. 1). There were no significant effects of diet but there was a 
significant diet x time interaction, i.e. (- WB v. + WB) x linear effect of time was significant 
( P  < 0.05), indicating a greater proportion of faecal matter in the stomach at later times in 
the WB-fed rats. 

D I S C U S S I O N  

Digestion and gronvth 
It is clearly established that adding WB to the diet increases stool mass of both wet and dry 
matter (Cummings et nl. 1 9 7 6 ~ ;  Miiller-Lissner, 1988) through increased output of 
undigested dietary fragments and associated water, colonic-derived bacterial cells and 
possibly endogenous materials (Wisker & Feldheim, 1992). In the present study, feeding 
WB doubled faecal DM output (Table 2). Feeding WB resulted in an extra 8.3 g faecal 
DM/100 g diet DM consumed or 0.43 g extra faecal DM/g WB DM consumed. This is a 
much smaller increase in faecal DM than has frequently been reported in healthy human 
subjects given WB. From the review by Miiller-Lissner (1988) of eight studies where WB 
was fed to normal volunteers it may be calculated that the extra stool voided during WB 
consumption periods corresponded to 0.95 ( ~ ~ 0 . 3 0 9 ) g  extra faecal DM/g WB DM 
consumed, assuming that human stool contains 0.23 g DM/g (Stephen et al. 1986) and that 
WB contains 0.89 g DM/g. In four of the eight studies reviewed by Muller-Lissner (1988) 
the extra faecal DM exceeded the DM of the WB consumed. Since digestibility of food 
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macromolecules including refractory substances such as NSP (Nyman ef ul. 1986) are 
usually considered to be very similar in rat and man, this apparent divergence in handling 
WB merits further investigation. 

If it is assumed that the dietary components replaced by WB in the present study, i.e. 
sucrose, casein and egg albumen, had digestibilities of 1 .OO, then the apparent digestibility 
of the WB was approximately 0.6. Since the apparent digestibility of the NSP fraction of 
WB is approximately 0.4 (van Dokkum et ul. 1983; Nyman et al. 1986; Stephen et al. 1986) 
and NSP accounts for about 0.4 of WB (Holland et al. 1991), it may be calculated that the 
apparent digestibility of the non-NSP portion of WB, consisting mainly of starch, protein 
and lipid, was about 0.7. It is likely that the large bowel was the site of digestion of all the 
NSP (Englyst & Cummings, 1985) and at least some of the other WB components. Whilst 
the SCFA absorbed following large-bowel fermentation are a useful additional source of 
energy, this salvage mechanism recovers only about 0.5 of the energy which would be 
gained by digestion of carbohydrate in the small intestine (Livesey, 1990; Mathers, 1991). 
Thus, the poorer weight gains of the rats fed on WB (Table 2) are probably due to lower 
absorption of energy because of reduced diet digestibility and a distal shift in site of 
digestion in addition to the small reduction in DM consumption. 

Large-bowel .fermentation 
Although adding WB increased the NSP content of the diet by about 80 g/kg, there was 
only a small, non-significant fall in caecal pH (Table 5), probably because WB is relatively 
slowly fermented in the large bowel. Since the digestibility of the more refractory 
components of the NSP fraction is most sensitive to alterations in TT (Stephen et al. 1987; 
Mathers, 1991), the reduced caecal TT which accompanied WB feeding may have 
prevented more extensive fermentation. The present study confirmed that WB consumption 
provokes a major change in SCFA pattern with a substantial increase in butyrate (Walter 
et ul. 1986, 1988; Cheng et al. 1987) at the expense of propionate. Possible reasons for 
alterations in the molar proportions of the major SCFA have been explored elsewhere 
(Goodlad & Mathers, 1990; Mathers & Dawson, 1991 ; Mathers et al. 1993). Macfarlane 
(1991) has suggested that colonic bacteria divert C to the synthesis of butyrate rather than 
the more energetically favourable acetate in conditions of substrate (carbohydrate) excess 
because butyrate acts as a H sink so allowing regeneration of reduced dinucleotides and 
permitting glycolysis to proceed. Compared with the - WB group, bacteria in the caecum 
of WB-fed rats will have been supplied with considerably more substrate and, given the 
much shorter caecal TT for these animals, it is probable that there was a relative excess of 
carbohydrate so the explanation of Macfarlane (1991) may apply in this case. 

In many studies of large-bowel fermentation animals have been fed once daily and 
sampling has been carried out at one time during the day. In interpreting the results of such 
studies it is important to know whether dietary effects persist throughout the day. The 
present study provided an opportunity to explore this area and, in particular, to determine 
whether there were important interactions between diet and time interval after feeding. If 
the latter existed then sampling at only one time after feeding could be misleading. It is clear 
from the results in Table 5 that there were curvilinear changes in total SCFA concentration 
and in the molar proportion of acetate throughout the day with peaks at about 10 h 
postfeeding. When averaged across both diets the molar proportion of butyrate increased 
linearly ( P  < 0.01) with time interval after feeding. In contrast, the molar proportion of 
isovalerate fell to its nadir at 10 h postfeeding, with highest values late in the feeding cycle. 
These diurnal changes might reasonably be attributed to alterations in the substrates 
becoming available to, or being used by, the bacteria throughout the day, since in vitro 
studies have demonstrated characteristically different SCFA patterns with a range of 
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substrates (Englyst et al. 1987; Goodlad & Mathers, 1988; Mortensen et al. 1988). Another 
possibility is that different species of bacteria, each with its own SCFA endproducts, 
dominate the caecal flora at different times of the day but we are unaware of any 
experimental evidence to support or  refute this suggestion. The rise in molar proportion of 
butyrate late after feeding when the most readily fermented carbohydrate is likely to be in 
lowest supply does not support the suggestion of Macfarlane (1 99 1) and other mechanisms 
determining SCFA pattern must be active. 

When miniature pigs, 40 kg body weight, fitted with cannulas in the caecum were fed two 
meals/d there were significant postprandial changes in caecal SCFA concentrations and pH 
particularly when the diet contained WB (Fleming et al. 1989). Thus, it is possible that the 
colons of human subjects who eat infrequent large meals (as distinct from ‘nibbling’ or 
‘grazing’) will experience substantial shifts in fermentation activity throughout the day. 

Gastrointestinal transit time 
The time-period during which individual portions of digesta are retained in the gut or a 
compartment of the gut is here termed transit time and is synonymous with terms such as 
rate of passage or retention time (Faichney, 1975; Cummings et ul. 1976b; Warner, 1981). 
Measurement of TT usually involves markers (indigestible substances which are present in 
foods or administered to the subject) and the properties of ideal markers are discussed by 
Kotb & Luckey (1972). Warner (198 1) has reviewed methods for measuring TT, including 
consideration of the mathematical treatment of results. Using Warner’s (1981) cat- 
egorization, the method used in the present study was repeated dose and slaughter of 
animals with direct calculation of TT (RKD). With this method the TT of the marker in 
any gut compartment is the amount of marker in the compartment divided by the rate of 
input of marker. Validity of the calculation requires that the animal is in approximate 
steady-state so that for the compartment under investigation the rates of inflow and 
outflow are approximately equal and constant (Warner, 1981). Where, as here, the marker 
is incorporated into the diet which is fed at a constant rate for several days before 
measurements are made, this requirement is met, but it can be seen from Fig. 2 that the time 
of killing after once daily feeding had a marked effect on estimates of whole tract TT. So, 
although on a daily basis rates of input and output of marker were constant, meal feeding 
leads to non-continuous marker administration which may result in widely differing 
estimates of TT depending on when the measurements are made. Provision of food as a 
series of small meals equally spaced in time throughout the day, as has frequently been done 
for ruminant animals (Faichney, 1975), would circumvent this difficulty. 

Clearly the major diurnal changes in input and outflow of digesta from the stomach 
precludes the use of this approach in obtaining meaningful estimates of TT for the stomach 
(Fig. 1). However, the buffering effect of the stomach in storing digesta and releasing it at 
a more or less constant rate may mean that the time of sampling has a lesser impact on 
estimates of TT for more distal compartments. This was the hypothesis to be tested in the 
present study. For the SI, estimates of TT declined with time interval after feeding, but not 
nearly so markedly as for the stomach (Fig. 1). When averaged across both diets there were 
no significant time effects on TT estimates for either the caecum or colon (Fig, l) ,  but a 
curvilinear effect of time on large-bowel (caecum + colon) TT was detected (Table 6). The 
significant ( P  < 0.05) diet x time interaction for the caecum (Table 6) is a warning that it 
may not always be safe to assume that estimates of TT for large-bowel compartments are 
independent of the time at which measurements are made. It seems probable that sensitivity 
to time of measurement will be greatest when diets of high digestibility and long caecal TT 
are used. 

Since the classical studies of Eastwood et al. (1973) and of Payler et al. (1975) it has been 
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Fig. 2. Estimates of the proportion of stomach dry matter (DM) derived from ingested food at various time- 
intervals after feeding in rats given diets without (0-0) and with (0-0) 200 g wheat bran/kg diet. Estimates 
were derived by the procedure of Mathers & Dawson (1991) and are for four rats per treatment. For details of 
diet composition, see Table 1.  

demonstrated repeatedly in man (Miiller-Lissner, 1988) and other animals (Ehle et al. 1982; 
Riottot et al. 1984) that adding WB to diets low in NSP reduces whole-tract TT, but it is 
not clear which gut compartments are most affected. McCance et a/. (1953) reported faster 
rates of stomach emptying in human volunteers given wholemeal- compared with white- 
bread-based diets but in the present study there was little evidence that adding WB altered 
stomach emptying. When the quantity of DM in the stomach (y; g DM) was regressed v. 
time of killing (.Y; h after feeding), the data closely fitted straight lines with the following 
equations : 

- WB diet : = 11.1 (SE 0.28) - 0.50 (SE 0.020) x, 
+WB diet:!: = ~ O ~ ( S E  0.42)-0-47(s~ O.O29)x, 

r' 0.98, 
r2 0.95. 

This suggests that, in this circumstance, emptying of DM from the stomach was a zero- 
order process, i.e. an equal quantity of DM was removed from the stomach per unit time, 
with approximately 0.5 g DM/h delivered to the duodenum for each diet. It should be 
noted, however, that the first measurement of stomach DM was made 4 h after food 
presentation. The intercepts on the y axis were only 11.1 and 10.6 g for diets -WB and 
+ WB respectively, which is somewhat lower than the corresponding 13.9 and 133 g DM 
which were the mean daily intakes of the rats (Table 2). Therefore, early in the feeding cycle 
the rates of emptying of DM from the stomach were probably greater than those 
determined previously. Given the DM recovered in the stomach 4 h after feeding (Table 3) 
it may be calculated that the mean rate of stomach emptying over the first 4 h was 
(1 3.9 - 9.3)/4 = 1.2 g/h for diet - WB and, by the same reasoning, 1.3 g/h for diet + WB. 
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In agreement with the results of Riottot rt a/.  (1984), the major site of effect of WB on 
TT was the caecum where TT, averaged over all sampling times, was only 7.9 h (+ WB diet) 
compared with 12.5 h for the diet without WB (Table 6). The volunteers of McCance et al. 
(1953) retained the marker BaSO, in the colon for a shorter time after consuming 
wholemeal bread compared with white bread. It is not immediately clear why the caecum 
should respond in this way. Since it  is the major site of fermentation in the rat one might 
predict that the organ would expand to accommodate the additional fermentable material 
provided by the WB and retain it for a sufficiently long time to maximize bacterial salvage 
of energy present in the WB (Stephen et a/ .  1987). However, caecal mass was unaffected by 
WB feeding (Table 3) and caecal size was much smaller than when other materials, such as 
cooked potatoes (Mathers & Dawson, 1991) or pectin (Seal & Mathers, 1989; Luick & 
Penner, 1991), were fed. Large-bowel fermentation results in SCFA production and these 
acids may increase gut motility (Kamath et a/. 1988), so accounting for the faster excretion 
of a marker in conventional compared with germ-free rats fed on WB (Riottot et al. 1984). 
Physical attributes of WB may also be important in reducing caecal TT since adding WB 
to a no-NSP diet fed to germ-free rats increased the rate of marker excretion (Riottot et al. 
1984). Administration of inert particles to conventional dogs and pigs decreased mean 
retention time by reducing the number of long spike bursts (LSB) in colonic 
electromyograms; LSB appear to impede the passage of digesta (Cherbut & Ruckebusch, 
1985). 

It should be borne in mind that the estimates of TT reported here are for the marker 
Cr,O, and, therefore, are not necessarily identical with TT for all components of digesta. 
Warner (198 I )  concluded that there was differential retention of large particles compared 
with small particles and solutes in the hindgut of several species including pigs, rabbits, 
koala and some herbivorous birds. However, in rats fed on WB-containing diets Luick & 
Penner (1991) found that the passage through the gut of a particulate marker (Cr- 
mordanted, destarched WB) was similar to that of the water-soluble Co-EDTA. In healthy 
human subjects the insoluble marker Cr,O, and the soluble marker polyethylene glycol 
behave identically (Findlay rt al. 1974). 

Cop r oplz agjs 
In physiological studies where an indigestible marker is used to determine digesta flow rates 
or TT in gut compartments, ingestion of faeces, and, therefore, re-ingestion of the marker 
could bias the estimates obtained since the actual rate of input to the gut will be greater 
than expected. In an earlier paper we proposed a simple method for determining the 
amounts of stomach D M  derived from ingested food or faeces and which could, therefore, 
give quantitative estimates of the extent of coprophagy (Mathers & Dawson, 1991). We 
have now become aware that Gidenne & Poncet (1985) used the same calculation to 
estimate caecotrophy in the rabbit. In the study of Mathers & Dawson (1991) there was 
little evidence of coprophagy but measurements were made at only one time of the day 
(4-7 h after feeding) in rats given a low-energy-dense diet. The present study provided an 
opportunity to examine whether there was significant coprophagy with other diets and 
especially at later times after feeding. At all times, more than 90% of the DM in the 
stomach was derived directly from food (Fig. 2) .  Even at 16 h post-feeding, when the 
stomach was relatively empty, the proportion of digesta D M  which could be attributed to 
ingested faeces ranged from only 1 to 9 %  for individual animals. These are similar to 
published estimates of the extent of re-ingestion of faeces by rats fed on nutritionally- 
complete diets (Hornicke & Bjornhag, 1980; Fajardo & Hornicke, 1989). At its peak, 10 h 
postfeeding, re-ingested faeces contributed only 0.095 g D M  to stomach contents. At the 
same time the quantity of faeces-derived Cr,O:, was 10 and 5 mg for diets - WB and + WB, 
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which corresponds to 5 and 3 %  respectively of daily input rate of Cr,O, from the diet. 
Thus, it seems unlikely that the practice of coprophagy would have seriously biased the 
estimates of TT obtained in the present study. 

The authors thank H. J. Finlayson and L. M. R. Pedroso for assistance with sample 
collection. J.-M. F.T. extends his gratitude to the Director, I.R.Z. Cameroon, for funding 
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