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Large bowel fermentation in rats given diets containing raw peas
(Pisum sativum)
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The digestion of non-starch polysaccharides (NSP) was studied in rats given semi-purified diets
containing 0—500 g raw peas (Pisum sativum){kg. NSP were equally well digested at all inclusion levels
with digestibilities for individual constituents ranging from 0-58 for xylans to 099 for arabinose-
containing polymers with a total NSP digestibility of 0-79. Increasing the dietary pea inclusion rate
increased the amount of substrate flowing to the large bowel (LB) and this was associated with marked
increases in caecal tissue and contents masses, a reduction in caecal transit time from 0-88 to 0-43 d and
a threefold increase in faecal bacterial biomass output, Caecal pH fell as did the molar proportions of
acetate, isobutyrate, isovalerate and valerate whilst butyrate increased when peas were included in the
diet. Possible mechanisms for these fermentation end-product changes are discussed. Pea inclusion in the
diet was associated with increased volatile fatty acid and 3-hydroxy butyrate concentrations in portal and
heart blood. It was concluded that peas are a rich source of fermentable polysaccharides which produce
a LB fermentation pattern of potential health benefit.

Large bowel fermentation: Carbohydrate digestion: Peas: Rat

Fermentation of a wide range of cxogenous and endogenous materials occurs in the large
bowel (LB) of many animals, including man, with the production of volatile fatty acids
(VFA), gases (carbon dioxide, hydrogen and methane) and bacterial biomass as major end-
products. The VFA are readily absorbed (McNeil et al. 1978; Ruppin ez al. 1980) and may
be utilized for energy but are also thought to have specific effects on metabolism within the
gut mucosa (Roediger, 1980; Ardawi & Newsholme, 1985; Sakata, 1987) and liver (Chen
et al. 1984). Studies with ileostomists have shown that the amount and composition of
material flowing into the LB and, therefore, potentially available as substrates for
fermentation is readily altered by dietary means with starches (Chapman et al. 1985;
Englyst & Cummings, 1985; Wolever ef al. 1986), non-starch polysaccharides (NSP)
(Englyst & Cummings, 1985) and proteins (Gibson ez al. 1976; Chacko & Cummings, 1988)
probably the major exogenous sources of LB substrate (Cummings & Englyst, 1987).
Several studies in vivo with rats have shown that variation in the amount or types of NSP-
containing foods results in an aitered VFA pattern (Cheng ez al. 1987; Key & Mathers,
1987), and limited information from incubations in vitro with faecal or LB contents
suspensions (Englyst e7 al. 1987; Goodlad & Mathers, 1988) suggests that substrate supply
may influence end-product formation. However, there is also evidence of substantial inter-
individual variation in VFA production from a given substrate (Weaver er a/. 1989) and
it cannot be concluded that substrate supply is the only, or indeed the major, factor
influencing LB fermentation pattern.

The present study was designed to test the capacity of the rat LB to ferment graded
amounts of substrate supplied as raw peas (Pisum sativum) which are rich in slowly digested

* For reprints.
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starch and NSP and, therefore, likely to be a good source of material which will escape
digestion in the small intestine. Increasing the inclusion rate of peas in the diet had marked
effects on fermentation pattern within the caecum and on concentrations of VFA in portal
and heart blood. Pea complex carbohydrates appeared equally well digested at all levels of
dietary inclusion.

A brief account of part of the present work has been published (Goodlad & Mathers,
1987).

MATERIALS AND METHODS
Animals and housing
Thirty-six male Wistar rats were purchased (A. Tuck & Sons, Essex), housed in stock cages
(four rats/cage) and given ad [ib. access to a stock diet (41B; Oxoid Ltd, Basingstoke,
Hampshire) for a pre-experimental period of 6 d. Thereafter the rats (initial weight 217 (SE
1-3) g) were randomly allocated to individual Perspex and stainless-steel metabolism cages
(Thompson, 1970) which permitted complete separation and collection of urine and faeces.

Diets and feeding
Six semi-purified diets were formulated (Table 1) to contain graded concentrations
(0-500 g/kg) of milled raw peas (var. Progreta), with balancing alterations in sucrose and
casein to maintain similar crude protein (nitrogen x 6:25) and calculated metabolizable
energy (ME) contents. Autoclaved maize starch (the only source of complex carbohydrate
in addition to peas) was present in equal concentrations in all diets as was the non-absorbed
marker chromic oxide.

Each animal was offered at 10-00 hours daily, 18 g air-dry diet/d for the first 17 d and
20 g/d during the final 7 d of the experiment. Water was available ad lib. The diet allocation
was usually consumed by 13-00 hours. Food residues were removed daily, dried and
weighed.

Experimental protocol

Animals were weighed at the beginning and end of each balance period and on the day of
slaughter. The first 10d of the feeding period was for adaptation to the diets. Two
consecutive 7 d balance periods followed during which food intake was measured and total
collections of urine (into flasks containing S mi sulphuric acid (50 mi/1)) and faeces were
made separately for each of the two 7 d periods. Faeces for each 7 d period were bulked
separately, stored at —20° before being freeze-dried, weighed and milled for analyses.
Pooled (7 d) urine samples were diluted with water to 250 ml and a portion stored at 4°
awaiting analysis.

At the end of the second balance period, gastrointestinal and blood samples were
obtained from all animals over a period of 3 d with twelve animals (two/diet) being sampled
on ecach day. Sampling commenced at 1400 hours daily and was completed in
approximately 2:5h. Each animal was anaesthetized with diethyl ether, a mid-line
laparotomy was performed and blood samples collected from the portal vein (1-5 ml) and
heart (5 ml) into heparinized syringes. Immediately, 100 ! portions of blood were mixed
with 1 ml perchloric acid (30 ml/l) in preparation for 3-hydroxybutyrate (30HB) analysis.
The remaining blood was transferred to a stoppered glass tube, held on ice until the end
of the sampling period and then stored at —20° to await VFA analysis. The caecum was
removed, weighed full and the pH of its contents measured by inserting a microelectrode
attached to a pH meter. Duplicate portions (approximately 0-5 g) of caecal digesta were
mixed (1:0-5, w/v) with deproteinizing solution in preparation for VFA determination
(Mathers ef al. 1990) and the remaining digesta transferred to a pre-weighed tube, weighed,
freeze-dried, re-weighed and ground for analysis. Caecal tissue was rinsed free of digesta,
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Table 1. Formulation (g/kg) and analysed composition (g/kg dry matter (DM)) of diets

Diet ... 1 2 3 4 S 6
Raw peas (Pisum sativum)* 0 100 200 300 400 500
Maize starcht 398 398 398 398 398 398
Sucrose 3865 307 2289 1519 74:3 06
Casein 150 129 1066 83 60 33
Maize oil 33 33 33 33 33 33
L-Methionine 1 I-5 2 2:6 32 39
Vitamin and mineral 35 315 315 35 315 315
mix}

Analysed composition (g/kg DM)

Crude protein 132 137 139 143 144 142
(nitrogen x 6-25)

Total NSP 1-6 172 352 56-4 802 102-8
Cellulose 01 6 14 25 38 52
NCP 1-5 11-2 212 306 382 49-8
Arabinose 0 2:1 47 84 11-8 15-8
Xylose 0 09 27 32 52 62
Mannose 0 13} 02 04 0-4 0-6
Galactose 03 07 2:6 2:6 33 47
Glucose I-1 112 20-7 394 525 682
Uronic acids 01 21 31 58 7-1 74

Resistant starch 13 2-8 34 11-8 12:0 14-1

Total oligosaccharides 0 37 73 141 155 24-8
Raffinose 0 06 09 1-8 22 42
Stachyose 0 15 2:9 44 51 79
Verbascose 0 1-6 35 79 82 127

Calculated energy content
MJ ME/kg

._.
-
th

14-4 14-3 14-2 141 14-0

NSP, non-starch polysaccharide; NCP, non-cellulosic polysaccharide; ME, metabolizable energy.

* var. Progreta milled to pass a 1 mm screen.

T Autoclaved at 120° for 20 min, freeze-dried and milled to pass a 1 mm screen.

1 Contained (g/kg premix): CaH,PO, 528, KCl 204, MgSO, 60, NaCl 38, MnSO,.4H,0 66, FeSO,.7H,0 51,
ZnCl, 075, CuCl, 0-6, K10, 0-3 and (mg/kg premix): NaF 67, CrCl, 68, Rovimix AD, (Roche) 300, Rovimix E50
(Roche) 900, menadione {5, choline chioride 40, folic acid 30, niacin 600, caicium pantothenate 94, riboflavin 90,
thiamin 120, pyridoxine hydrochloride 215, cyanocobalamin 1-5 plus 63-5 g Cr,0, and sucrose to make 1 kg.

lightly blotted dry and weighed. The contents of the terminal one-sixth by length of the
small intestine were flushed using 5 ml saline (9 g sodium chloride/1) into a sample pot,
frozen at —20° and freeze-dried for analysis. A freshly voided faecal pellet, or a pellet from
the terminal colon was collected for determination of faecal moisture content.

Analytical methods

NSP and its constituents were determined as described by Englyst & Cummings (1984) and
resistant starch (RS) determined by omitting the dimethyl sulphoxide (DMSO) addition
step. For determination of oligosaccharides, 5 g portions of diet or facces were extracted
with 200 ml aqueous ethanol (400 ml/l), clarified by addition of Carrez solutions (1 ml
Carrez A (containing 219 g Zn(CH,COQ),.2H,0 and 30 g glacial acetic acid/l) followed
by 1 ml Carrez B (containing 106 g K,Fe(CN),.3H,0/1)) and a portion concentrated by
rotary evaporation at 60°. The residue was taken up in a suitable volume of aqueous
acetonitrile solution (300 ml/1) and individual oligosaccharides separated and quantified by
high-performance liquid chromatography (HPLC) using a 150 mm x 499 mm i.d. column
packed with Magnusil 8H bonded with aminopropyltriethoxy-silane (70 g/kg), elution
with aqueous acetonitrile solution (730 ml/I) and detection by refractive index (Waters
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R401). For determination of oligosaccharides in urine, samples (100 ml) were concentrated
by freeze-drying, the residue dissolved in | ml acetonitrile solution (700 mi/1), passed
through a 045 um MF-Millipore filter and 25-ul portions of filtrate injected on to the
HPLC column. N in diets, faeces and urine was measured by a Kjeldahl procedure, Cr,O,
and VFA in caecal digesta as described by Mathers et al. (1990) and 30HB in deproteinized
blood enzymically (Lioyd et al. 1978). For determination of blood VFA, portions (1 mi) of
thawed whole blood were mixed with 5 ml propan-2-ol solution containing 100 uM-3-
methyl valerate as internal standard. The precipitate was removed by centrifugation at
2500 g and 4°, and the supernatant fraction mixed with 200 gl 0-2 M-sodium hydroxide to
form the sodium salts of the VFA. The propan-2-ol was evaporated off under a stream of
air at 30° until the VFA salts were completely dry. At 20 min before analysis the salts were
dissolved in 60 xl orthophosphoric acid solution (65 ml/l) and 1 gl injected into a fused
silica capillary column (OV 351-15 N; Jones Chromatography Ltd, Llanbradach, Mid
Glamorgan) in a Shimadzu GC (Kyoto, Japan). a,e-Diaminopimelic acid (DAPA) in faecal
samples was determined by automated ion-exchange chromatography (Locarte MK 4)
after digestion with 6 M-hydrochloric acid (McMeniman & Armstrong, 1979).

Statistical methods

Data were examined by one-way analysis of variance and orthogonal polynomials used to
describe the response to pea inclusion in the diets. Results are presented as means for each
diet (n 6) with their standard errors based on the between-animal within-diets variation.
The significance of linear, quadratic and cubic components of the response to the dictary
inclusion level of peas is indicated in the Tables. Digestibility of pea polysaccharides was
determined by linear regression of mouth-to-anus disappearance against intake and the
relationship between portal and heart blood acetate concentrations by polynomial
regression.

RESULTS
Diet composition

Analysed crude protein (nitrogen x 6-:25) tended to increase while calculated ME contents
of the diets tended to decrease slightly with increasing level of pea inclusion but the most
marked changes were, as expected, in the dietary concentrations of NSP, RS and
oligosaccharides (Table 1). Only traces of NSP (largely as pancreatin-resistant but 1 M-
H,SO,-hydrolysable glucose-containing polymers) were detected in the diet without peas,
with graded increases in dietary pea content reflected in increases in NSP and its constituent
sugars (up to 102-8 g/kg diet), RS (up to 141 g/kg diet) and oligosaccharides (up to
24-8 g/kg diet). Dietary NSP were approximately equally divided between cellulose and
non-cellulosic polysaccharides (NCP) with glucose > arabinose > uronic acids > xylose >
galactose in the latter. Only small concentrations of mannose and no rhamnose were
detected in the diets, although traces of rhamnose were detected in the peas used to
formulate the diets (values not shown). Verbascose contributed approximately three times
as much by weight, as did raffinose, to the oligosaccharide fraction, with stachyose
intermediate between these two.

Food intake, rat growth, food conversion ratio and N balance
Food refusals were negligible for all rats during both balance periods and rat growth rates
were good. In week 1, there were no between-diet differences in growth rate and, although
rats given the five pea-containing diets gained more weight than those on the diet without
peas in week 2, between-diet differences in weight gain were not significant when averaged
over both weeks (Table 2). Food conversion ratio (FCR; g food DM eaten/g live weight
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Table 2. Growth rate (g/d) and food conversion ratio (FCR; g feed/g gain) of rats given
semi-purified dietst containing graded levels of raw peas (Pisum sativum var. Progreta)
(Means for six rats per diet)

Statistical
significance of
dietary effects

Pea content of — e
diet (g/kg)... 0 100 200 300 400 500 SEM Lin Quad Cub

Growth rate:
Week 1 60 65 56 63 58 56 0-20 NS NS NS
Week 2 79 102 9-8 99 100 96 041 * ** NS
Weeks 1+2 70 83 77 81 79 76 033 NS NS NS
FCR:
Week | 2-8 2:6 31 27 29 30 016 NS NS NS
Week 2 2:3 1-8 19 19 -8 -9 009 *x * NS
Weeks 1 +2 25 2-1 23 22 22 23 011 NS * NS

Lin, Quad and Cub are linear, quadratic and cubic effects of pea content of diet; NS, not significant.
* P < (08, ** P < 001.
t For details, see Table 1.

gain) was lower for pea-containing diets in week 2 and when weeks 1 and 2 were combined.
The slightly higher concentration of N in the pea-containing diets and the higher food
intakes in week 2 were reflected in higher N intakes but these were matched by marked
linear (P < 0-001) increases in faecal N output in both weeks. Urinary N excretion
appeared to be unaffected by diet and N retention was similar for all diets in both balance
periods (Table 3).

Partition of dry matter (DM) digestion within the gut

Mouth-to-anus apparent digestibility was calculated from knowledge of DM intakes and
faecal DM outputs (method 1) and also by the marker ratio technique (method 2). Both
methods resulted in similar estimates of apparent digestibility of DM for both weeks (Table
4). Apparent DM digestibility for the diet without peas was high (0-97) and there were
strong linear decreases in digestibility with increasing dietary inclusion of peas, but even
with 500 g peas/kg diet DM apparent digestibility did not fall below 0-91. Using the marker
ratio technique, apparent digestibility of DM was calculated for digesta samples taken from
the terminal ileum and caecum. Ileal digestibility was lower than that determined on faeces,
especially for the diets containing the higher levels of peas, but caecal and faecal values were
similar. Faecal recovery of ingested Cr,0, was complete (mean proportion recovered 1-06
(se 0-029)) and flow of DM through the terminal ileum was calculated from knowledge of
Cr,0, intake and Cr,0,:DM ratio in ileal digesta. With the diet without peas, 112 g DM
emptied from the ileum into the LB daily and this increased linearly with increasing dietary
inclusion of peas to 2-7 g/d (Table 5). The difference between DM flow from the ileum and
output in the faeces is the amount of DM which was apparently fermented in the LB, and
this increased linearly and approximately doubled as the proportion of peas in the diet
increased from O to 500 g peas/kg.

Caecal mass, pH and fermentation pattern
Caecal mass fell from 3-6 to 29 g with the first level of pea inclusion in the diet and then
increased to reach a maximum of 5-4 g (Table 6) and a similar pattern was observed for
caecal contents wet weight. There was a strong linear increase in caecal tissue mass, with

21 NUT 64
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Table 3. Nitrogen intake and output in urine and faeces, and retention (g/week) for rats given
semi-purified dietst containing graded levels of raw peas (Pisum sativum var. Progreta)
(Means for six rat per diet)

Statistical
significance of
dietary effects

Pea content of

diet (g/kg)... 0 100 200 300 400 500 SEM Lin Quad Cub
N intake:

Week 1 249 259 262 267 268 262 0-003 xxx ik *rk

Week 2 273 2-87 291 297 298 291 0-017 *xk wokk NS
Faecal N output:

Week 1 016 019 029 033 038 040 0-017 ok NS NS

Week 2 024 025 035 040 044 053 0-018 Rk NS NS
Urinary N output:

Week 1 077 064 08 062 083 (74 0-065 NS NS NS

Week 2 1-05 088 1-01 0-84 094 0% 0-118 NS NS NS
N retention:

Week 1 [-57 1-75 1-53 172 1-48 1-48 0-067 NS NS NS

Week 2 1-45 1-74 155 1-73 1-60 145 0-118 NS NS NS

Lin, Quad and Cub are linear, quadratic and cubic effects of pea content of diet; NS, not significant.
R P <0001,
1 For details, see Table 1.

Table 4. Apparent dry matter (DM) digestibility measured at various sampling sites in
rats given semi-purified dietst containing graded levels of raw peas (Pisum sativam var.
Progreta)

(Means for six rats per diet)

Statistical
significance of
dietary effects

Pea content of -
diet (g/kg)... 0 100 200 300 400 500 SEM Lin Quad Cub

Digestibility ; method 1
Week 1 097 096 094 094 093 091 0-002 *xx NS NS
Week 2 097 096 094 092 092 091 0-004 il ** NS

Sampling sites; method 2
Terminal ileum  Week 2 094 091 090 089 085 085 0009 ok NS NS
Caecum Week 2 09 095 093 093 091 091 0003 ek NS NS
Faeces: Week 1 097 097 095 094 093 093 0-002 *kx *

Week 2 097 096 094 092 092 091 0003 Hkx NS *

Method 1, digestibility calculated from total collection of faeces; method 2, digestibility calculated using the
marker ratio technique; Lin, Quad and Cub are linear, quadratic and cubic effects of pea content of diet; NS, not
significant.

* P < 005, ** P < 001, ¥** P < 0001.

+ For details, see Table 1.

rats on the highest level of peas having 43 % more caecal tissue than those given the diet
without peas. The proportion of DM in caccal contents tended to fall when peas were
included in the diet but faecal pellets from pea-fed rats had much higher DM contents than
those given the diet without peas. Considerable desiccation of digesta occurred between the
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Table 5. Intestinal dry matter (DM) flows, DM apparent disappearance in, and estimated
absorption of volatile fatty acids (VFA) from the large bowel of rats given semi-purified dietst
containing graded levels of raw peas (Pisum sativum var. Progreta)

{Means for six rats per diet)

Statistical
significance of
dietary effects

Pea content of -
diet (g/kg)... 0 100 200 300 400 500 SEM Lin Quad  Cub

DM flow from terminal 1-2 1-6 1.8 21 27 27 0-18 oxx NS NS
ileum (g/d)

Faecal DM output 06 08 1-0 1-2 13 1-7 0-03 Hhk *x NS
(g/d; week 2)

DM apparent disappearance 05 08 09 09 4 09 0-18 * NS NS

in Jarge bowel (g/d)

Calculated absorption of
VFA (mmol/d)}

Acetate 22 34 32 34 49 34 0-63 * NS NS
Propionate 07 1-0 1-0 i1 1-8 11 022 * NS NS
Butyrate 03 06 07 07 13 08 0-20 e NS NS
Total 32 50 49 53 79 54 1-03 * NS NS

Lin, Quad and Cub are linear, quadratic and cubic effects of pea content of diet; NS, not significant.

* P < 005, ¥* P < 001, *** P < 0-001.

1 For details, see Table 1.

1 Calculated by conventional stoichiometry (Demeyer & Van Nevel, 1975) as described on p. 581 assuming that
organic matter disappearance in the large bowel was 0-54 times measured DM disappearance (Goodlad, 1989) and
using measured VFA proportions (Table 7).

caecum and distal colon. Caecal transit time (TT) was calculated as the amount of Cr,O,
recovered in that organ divided by Cr,O, intake (Faichney, 1975) and was reduced by half
with the lowest level of peas in the diet. Further increases in pea intake had no effect of
caecal TT.

Caecal digesta pH fell steadily from 6-3 on the diet without peas to 59 in rats given 500 g
peas/kg diet. Total VFA (mmol/kg caecal contents) increased sharply with the lowest level
of inclusion of peas, with further increases in dietary pea content having much smaller
effects (Table 7). Caecal VFA pattern (expressed as molar proportions of VFA) was
strongly manipulated by diet with large linear increases in butyrate matched by falls in
acetate, isobutyrate, isovalerate and valerate.

As an index of LB bacterial biomass production, faccal DAPA was measured. The
concentration of DAPA in faecal DM was not significantly affected by diet but the total
output increased 3-fold with increasing levels of inclusion of peas in the diet (Table 6). This
additional bacterial N together with undigested pea protein may have contributed to the
extra faecal N output reported in Table 3.

Digestibility of NSP, oligosaccharides and RS
Oligosaccharides were not detectable in faeces or urine from animals given the 500 g
peas/kg diet; other dietary groups were not examined. Faecal concentrations of NSP and
its components were generally higher than dietary concentrations and there were
considerable differences in the pattern of NSP constituents between diet and faeces, most
notably the much higher ratio of cellulose : NCP in the latter (Table 8). Both rhamnose and
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Table 6. Caecal mass, caecal tissue and contents weights, proportion of dry matter (DM) in
caecal digesta and freshly voided faeces and a,e-diaminopimelic acid (DAPA) in faeces from
rats given semi-purified dietst containing graded levels of raw peas (Pisum sativum var.
Progreta)

(Means for six rats per diet except where indicated)

Statistical
significance of
dietary effects

Pea content of

diet (g/kg)... 0 100 200 300 400 500 SEM Lin  Quad Cub

Caecal mass (g) 36 29 38 40 41 54 0-27 Hokk ok NS

Caecal tissue 0-33 0-87 099 1-01 097 I-19 0-045 ok NS NS
mass (g)

Caecal contents 28 2:0 2-8 30 31 42 0-24 bl ** NS
wet weight (g)

Proportion of DM 0-23 0-19 0-20 0-19 0-20 019 0-08 * * *
in caecal digesta

Proportion of DM 0-31 045 044 047 042 042 0-009 * ok *
in faecal pellet}

Caecal transit 0-88 0-43 0-46 0-43 0-38 0-45 0-047 el *hk *
time (d)

Faecal DAPA 34 4-8 44 52 47 41 0-80 NS NS NS
concentration
(mg/g DM)

Faecal DAPA 16§ 25 31 45 || 44 50 96 | *xE NS NS

output (mg/7 d)

Lin, Quad and Cub are linear, quadratic and cubic effects of pea content of diet; NS, not significant.
* P <005, ¥* P <00l *** P < 0001.

t For details, see Table 1.

1 Pellet taken from distal colon or freshly voided faecal pellet.

§ns5; |l nd

mannose were present in measurable amounts in faeces, and for all NSP components
(except mannose) faecal concentration increased with increasing levels of peas in the diet.
Concentrations of RS in faeces when detected were small and not significantly different
from zero. For pea-containing diets the NCP fraction contributed a higher proportion of
the total digestible NSP than did cellulose. Celluiose was the major contributor to the NSP-
glucose which was apparently digested, and for the other NSP-sugars and derivatives the
amounts digested declined in the order arabinose > uronic acids > galactose > xylose >
mannose. The apparent digestibilities of these dietary fractions in peas were calculated as
the slopes of linear regressions of mouth-to-anus disappearance v. intake using individual
values for all thirty-six rats (Table 9). All regressions were highly significant and the
proportion of the variation accounted for by the regression was high for all components,
falling below 0-9 for xylose and mannose only where the amounts apparently digested were
comparatively small. The intercepts for all the measured carbohydrate fractions were close
to zero. Almost 80 % of the ingested NSP disappeared between the mouth and anus, with
considerably higher apparent digestibilities for NCP than for ceilulose. Of the NCP fraction
arabinose was almost completely digested, and for the other components apparent
digestibility declined in the order galactose > mannose > uronic acids > xylose. RS was
completely digested.
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Table 7. pH, total volatile fatty acids (VFA) concentration (mmol/kg caecal contents) and
molar proportions (mmol/mol) of individual VFA in the caeca of rats given semi-purified
dietst containing graded levels of raw peas (Pisum sativam var. Progreta)

(Means for six rats per diet)

Statistical
significance of
dietary effects

Pea content of —

diet (g/kg)... 0 100 200 300 400 500 SEM Lin Quad Cub
Caecal pH 63 63 62 60 58 59 012 ok NS NS 7
Total VFA 118 157 159 162 163 166 73 hx * NS
(mmol/kg caecal
content)

Molar proportions
of individual VFA

Acetate 647 667 627 624 606 619 362 * NS NS
Propionate 207 193 198 207 216 204 9-1 NS NS NS
Isobutyrate 12 11 11 10 8 8 1-7 ** NS NS
Butyrate 99 102 139 135 147 149 227 *x NS NS
Isovalerate 15 14 12 1l 11 9 11 * NS NS
Valerate 19 13 13 12 11 10 2-1 * NS NS

Lin, Quad and Cub are linear, quadratic and cubic effects of pea content of diet; NS, not significant.
* P <005 ** P <001, ¥** P < 0001.
1 For details, see Table 1.

Table 8. Concentrations (g/kg dry matter (DM)) of non-starch polysaccharide (NSP),
non-cellulosic polysaccharide (NCP), cellulose, uronic acids and the constituent sugars of the
NSP fraction and resistant starch in the faeces of rats given semi-purified dietst containing
graded levels of raw peas (Pisum sativum var. Progreta)

(Means for six rats per diet)

Statistical
significance of
dietary effects

Pea content of

diet (g/kg)... 0 100 200 300 400 500  sem Lin  Quad Cub
Total NSP 17 120 149 217 249 259 122 R R
NCP 14 46 54 75 7T 71 49 T S N
Cellulose 2 74 9 142 172 182 92 *xx *x NS

Constituent sugars of
NSP fraction

Rhamnose 1 2 1 3 3 3 07 * NS NS
Arabinose Tr i I 3 2 2 06 * NS NS
Xylose 2 15 18 26 31 29 2:6 b ** NS
Mannose 2 1 2 1 2 1 04 NS NS NS
Galactose 3 7 6 8 8 7 08 ** ** NS
Glucose 9 88 108 155 185 195 92 il *ak NS
Uronic acids Tr 10 13 19 17 20 1-5 *xx ok NS
Resistant starch 0 4 -1 0 -3 -5 44 NS NS NS

Lin, Quad and Cub are linear, quadratic and cubic effects of pea content of diet; Tr, trace (< 0-5 g/kg); NS,
not significant.

* P <005, ** P <001, ¥** P < (-001.

1 For details, see Table 1.
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Table 9. Apparent digestibilities (B) of non-starch polysaccharides (NSP) fraction and its
constituents, and of resistant starch (RS), calculated from linear regressions of the form
y = A+ Bx for mouth-to-anus disappearance (y) v. intake (x) for rats given semi-purified diets
containing graded levels of raw peas (Pisum sativum var. Progreta) as the only dietary source
of NSP

(Each regression was calculated using individual values for all thirty-six rats)

A SE B SE R?
NSP —0-064 0-0075 0-789  0-0010 0-995
NCP —0-004 0-0031 0901 0-0008 0997
Cellulose —0-008  0-0051 0-682  0-0014 0-987
Arabinose 0-000  0-0003 0989  0-0003 1-000
Xylose 0-002  0-0018 0-583  0-0038 0-873
Mannose 0-000 00002 0840 00051 0-889
Galactose 0002 00006 0-888  0-0017 0988
Glucose —0-003 0-0052 0-741 0-0010 0994
Uronic acids 0-000 00119 0781 0-0018 0982
RS —0-002 00033 1:029 00028 0-975

NCP, non-cellulosic polysaccharides.

Table 10. Concentrations of volatile faity acids (VFA; uM) and of 3-hydroxybutyrate
(30HB; uMm) in whole blood from six rats given semi-purified dietst containing graded levels
of raw peas (Pisum sativum var. Progreta)

(Means for six rats per diet)

Statistical
significance of
dietary effects

Pea content of

diet (g/kg) ... 0 100 200 300 400 500 SEM Lin  Quad Cub
Portal blood
Acetate 475 500 507 697 842 868 516 *kk NS NS
Propionate 62 88 129 178 206 199 233 XX NS NS
Butyrate 12 28 75 133 132 161 288 Hokk NS NS
30HB 22 42 44 56 61 67 82 *rK NS NS
Heart blood
Acetate 272 286 272 331 425 462 395 *E* NS NS
30HB 57 75 79 77 83 90 66 ** NS NS

Lin, Quad and Cub are linear, quadratic and cubic effects of pea content of diet; NS, not significant.
*¥* P <001, *** P < 0-001.
1 For details, see Table .

VFA and 30HB in portal and heart blood

All three major VFA (acetate, propionate and butyrate) present in caecal contents were
detected in portal blood, and there were very highly significant (P < 0-001) increases in the
concentrations of each with increasing levels of inclusion of peas in the diet (Table 10).
Acetate, the only VFA detected in blood withdrawn from the heart, was present at about
half the concentrations found in portal blood and increased as pea intake increased. 30HB
concentrations also rose with increasing levels of peas in the diet, with heart blood having
higher concentrations than portal blood.
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DISCUSSION
The raw peas used in the present study contained relatively small concentrations of anti-
nutritional factors (lectins and «-amylase inhibitor ; Goodlad, 1989), were well accepted by
the rats and resulted in equally good growth rates and N retention for pea-containing and
basal diets.

Caecal hypertrophy

The mass of an intestinal organ may increase due to increases in the weights of tissue or
digesta contents, or both. Increases in the tissue may result from greater weights of the
mucosa or of the underlying muscle layers but most nutritional studies have concentrated
on the mucosa. Mucosal hypertrophy will occur if the rate of epithelial proliferation
relative to that of cell loss is increased. Diets rich in complex carbohydrates (NSP or starch
resistant to a-amylase (EC 3.2.1.1)) often provoke hypertrophy of the LB in rats (Wyait
et al. 1988; Rémésy & Demigné, 1989; Seal & Mathers, 1989) and the present study was
no exception. The greater mass of caecal and, sometimes, colonic tissue is associated with
an increased mass of LB contents, but the mechanism(s) for this trophic effect has yet to
be established. In the present study we did not distinguish between growth of the mucosa
and of the underlying muscle. Increased mucosal growth with the pea-containing diets may
have been stimulated by the extra VFA (Table 5) produced with these diets (Sakata, 1987),
but in another study we found that 5-fold increases in VFA absorption produced by
including haricot beans (Phaseolus vulgaris) in a wholemeal-bread-based diet had no effect
on gut epithelial proliferation rate in rats (Key & Mathers, 1989). Since substantial caecal
enlargement occurs in germ-free rats, even on an elemental diet (Goodlad et al. 1989), and
in conventional animals given carboxymethylcellulose (which is essentially undegraded
during passage through the gut) (Wyatt et al. 1988), clearly, VFA are not the only stimuli
causing LB hypertrophy, and Wyatt er al. (1988) have argued ‘that the caecum enlarges to
accommodate the tendency of residual material to accumulate within it, and this is
governed by the pattern of motility and bulk flow through the whole large bowel’. Further
research is needed to explain why in some circumstances food and endogenous residues
accumulate in the LB and to what extent this is responsible for, or a consequence of, tissue
hypertrophy.

Digestion of NSP

The intestinal site(s) at which dietary NSP were digested was not investigated in the present
study. In man it appears that all, or virtually all, the NSP which disappears within the gut
does so within the LB as a result of fermentation (Cummings & Englyst, 1987) and the same
may apply to the rat. However, in the pig it is clear that disappearance of NSP components
can occur before the terminal ileum (Keys & DeBarthe, 1974; Sambrooke, 1979; Millard
& Chesson, 1984; Goodlad, 1989).

The basal (without peas) diet appeared to contain small but detectable amounts of NSP
(Table 1), mainly as glucose resistant to «-amylase but hydrolysable in 1 M-H,SO, solution,
despite being designed to provide no polysaccharides other than starch. These NSP may
have been contaminants of the starch used for diet formulation. NSP were also detected in
faeces from rats given the diet without peas (Table 8) at concentrations which were
approximately 10-fold greater than those measured in the diet (Table 1). These faecal
polymers may have been undigested dietary material, but are also likely to include
endogenous or bacterially synthesized sugars (Stephen & Cummings, 1980; Longstaff &
McNab, 1987).

Linear regression of mouth-to-anus disappearance v. intake for NSP and its constituents
showed strong linear relationships with coefficients of determination better than 0-87, and
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for most components better than 0-98. These findings indicate that the rat was able to digest
pea NSP equally well at all levels of inclusion in the diet and, assuming that most (if not
all) of this digestion occurred by fermentation in the LB, may have been assisted by the
observed caecal hypertrophy (Table 6) which allowed increasing amounts of food residues
to be accommodated within this organ. It is interesting to note, however, that with the diet
containing 100 g peas/kg, caecal TT was decreased to half that on the basal diet but was
not further altered when the proportion of peas in the diet was varied from 100 to 500 g/kg;
caecal TT for all five pea-containing diets was approximately 10 h. A similar phenomenon
was reported in man when graded levels of bran-enriched bread were eaten (Stephen et al.
1986). We conclude that the caecum responded to the increased substrate supply by
increasing its size, and that this permitted equi-effective salvage of nutrients by fermentation
without any increase in the time available for fermentation.

Almost 0-8 of the ingested pea NSP disappeared within the rat gut compared with
estimates of 0-22 and 0-38 for NSP digestibility of the same variety of peas tube-fed to adult
cockerels (Longstaff & McNab, 1987). Since rats appear to digest NSP to about the same
extent as does man (Nyman et al. 1986), these findings indicate that peas may be a widely
accepted, rich source of fermentable NSP for human consumption. Indeed, Williams &
Olsted (1936) reported digestibilities of 0-45 and 0-80 for the cellulose and NCP in peas
eaten by young men: In the present study, cellulose digestibility was 0-68 and that of NCP
0-90. Of the NCP constituent sugars, xylose was the least digestible (0-58) whilst arabinose-
containing polymers were virtually completely digested (0-99). NCP-glucan was more
digestible than cellulose. Dietary xylose:arabinose ratio was approximately 0-4:1 but for
faeces was 18:1. Although absolute digestibilities were much lower, relatively high
digestibility of pea arabinose compared with xylose was observed in the cockerels studied
by Longstaff & McNab (1987). Graham et a/. (1985) determined the digestibility of whole-
crop-pea NSP in pigs by including samples in nylon bags inserted into the gut via a
duodenal cannula and recovering the bag in faeces. Total NSP digestibility (0-49) was lower
than for the pea seeds fed to rats in the present study or to pigs (Goodlad, 1989), but the
relatively poor digestibility of xylans (0-23) when compared with arabinose-containing
polymers (0-90) was clearly evident.

Much of the arabinose in peas is present as arabinose-containing pectic substances in the
cell walls of cotyledons, whilst pea hulls are rich in cellulose and xylans (Selvendran, 1984;
Longstaff & McNab, 1989). In chickens, pea hulls are very much less digestible (Longstaff
& McNab, 1989) than the whole pea seeds (Longstaff & McNab, 1987), possibly because
of the lignification of pea hulls (Reichert, 1981; Selvendran, 1984). The same is likely to be
true for rats and would explain the relative indigestibility of cellulose and xylose in the
present experiment.

Caecal fermentation pattern
Increased intake of peas was associated with a linear increase in the proportion of butyrate
in caecal VFA matched by linear decreases in the proportions of acetate, isobutyrate,
isovalerate and valerate with no change in the molar proportion of propionate. The source
of this extra butyrate is of considerable interest. In vitro fermentation studies using human
facces (Macfarlane & Englyst, 1986) and pig LB contents (Goodlad & Mathers, 1988) have
found high proportions of butyrate in fermentation end-products when starch is supplied
as substrate. High proportions of butyrate were also observed in human stools when starch
malabsorption within the small intestine was induced by ingestion of the a-glucosidase
(EC 3.2.1.20) inhibitor acarbose, resulting in substantially increased LB fermentation of
starch (Scheppach et al. 1988), and in caecal contents from rats fed on amylomaize, a source
of starch relatively resistant to pancreatic amylase (Mallett e al. 1988). Compared with
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cereal starch, starch from legumes such as peas is relatively slowly digested (Fleming &
Vose, 1979; Snow & O’Dea, 1981; Longstaff & McNab, 1987) and contains a portion
which escapes small intestinal digestion (Faulks ef al. 1989). It is not clear whether the latter
is equivalent to that starch fraction, here termed RS (cf. Englyst & Cummings, 1987), which
is made accessible to a-amylase after treatment with DMSO (Table 1), but it is likely that
increasing the proportion of peas in the diet resulted in more starch being made available
for fermentation by LB bacteria. No RS was detected in faeces so that it is possible that
this extra starch fermentation was responsible for some, at least, of the increased butyrate
production with the pea-containing diets. However, high proportions of caecal butyrate
have also been observed with other substrates, including guar gum (Tulung et al. 1987) and
various wheat bran components (Cheng er al. 1987; Key & Mathers, 1987; Walter et al.
1988) and with ad lib. v. restricted feeding (Illman ef al. 1986). In addition to starch, the
peas supplied the LB with substantial amounts of NSP, nearly 80% of which was
fermented, with oligosaccharides which were entirely fermented and, possibly, with protein.
At present, there is no means of predicting the fermentation pattern which will result from
such a mixture of substrates.

Substrate supply is not necessarily the only or indeed the major influence on fermentation
pattern. Consumption of the pea-containing diets was associated with reductions in caecal
pH and TT and both these factors are known to alter fermentation end-products without
any change in substrate supplied (Finlayson, 1986; Silley & Armstrong, 1984). It is well-
established from work with ruminants (Leng, 1970) and rabbits (Parker, 1976; Woodnutt,
1984) that during anaerobic fermentation within the gut there is substantial interconversion
between acetate and butyrate, with a large proportion of butyrate derived from the acetate
pool. In a highly competitive environment such as the LB it would seem at first sight
disadvantageous to convert acetate to butyrate since this requires the expenditure of 1 mol
ATP for activation of acetate/mol butyrate formed. However, in doing so the micro-
organisms responsible are able to dispose of 2 mol of reducing equivalent and so permit
glycolysis to proceed, resulting in a net gain of 1 mol ATP from substrate-level
phosphorylation (Leng, 1970). Other routes for disposal of reducing equivalents (2H)
include the production of hydrogen or methane gas, or both, and the reduction of ions such
as sulphate and nitrate. In a three-stage continuous culture system with human faeces as
inoculum (Gibson et al. 1988), methane production was considerably higher in the second
and third vessels which were characterized by higher pH (6-5 and 7-0 respectively) and lower
dilution rates (equivalent to TT of 0-87 and 1-23 d respectively). Such conditions were
found in the present study only with the diet without peas and we suggest that the selective
pressure produced with the pea-containing diets by the simultaneous increase in substrate
supply and reductions in pH and TT may have encouraged the use of alternative routes for
re-oxidation of reduced dinucleotides.

Changes in the proportions of branched-chain VFA and in valerate are probably the net
result of a shift in the balance between the production of these acids by amino acid
breakdown (El-Shazly, 1952 ; Rasmussen et al. 1988) and their utilization for de novo amino
acid and, hence, bacterial protein synthesis (Russel & Hespell, 1981). The increased faecal
DAPA output suggested a possible 3-fold increase in LB bacterial biomass production
assuming that the DAPA concentration in bacterial cells was unaltered by diet.

Estimates of VFA absorption
Our estimates of VFA absorption from the LB (Table 5) are based on knowledge of organic
matter (OM) disappearance between the terminal ileum and faeces and the pattern of VFA
in caecal contents, assuming that the OM was largely carbohydrate and could be
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Table 11. Estimates of volatile fatty acid (VFA) absorption* (umol/min) measured by arterio-
venous difference and organic matter disappearance from the large bowel of rats given various
diets

Estimated VFA
Method used Diet description absorption Source

Artetio-venous difference

Stock diet 36t Buckley & Williamson (1977)
Starved 48 h 1-3f
Neomycin sulphate-treated ot
Fibre-free 1-0f Demigné & Rémésy (1985)
High-fibre 17-5%
Fibre-free 2-8 Demigné et al. (1986a)
High-fibre 245
Fibre-free 1-0% Rémésy & Demigné (1989)
Lactulose (100 g/kg) 6-61
Pectin (100 g/kg) 661
Guar gum (100 g/kg) 7-0%
Amylomaize starch:
250 g/kg 7-6%
500 g/kg 16:31
Organic matter disappearance
Fibre-free 22 Present study
Peas (Pisum sativum) (g/kg):
100 35
200 34
300 37
400 55
500 38

* Acetate + propionate + butyrate (except where indicated).
t Acetate only. Literature values for portal blood flow assumed by original authors.
i Caecum only.

represented as anhydrous hexose, and using conventional stoichiometric equations
(Demeyer & Van Nevel, 1975). These estimates will be tenable provided: (1) relative rates
of absorption of individual VFA are not markedly different from relative concentrations
in the caecum, (2) the yields of VFA per unit mass of OM actually fermented are similar
to those for a hexose polymer and (3) insignificant quantities of OM are added to digesta
during passage through the LB. It should be noted that this calculation will underestimate
VFA production to the extent that VFA are used as substrates for net microbial biomass
production.

In Table 11, our estimates of VFA absorption are compared with values obtained by
other workers using the difference in VFA concentration between portal vein and arterial
blood multiplied by portal blood flow-rate. Despite the different methodology it is
encouraging that the two procedures yield comparable results. 1t is also clear that dietary
manipulations which alter the flow of substrate to the LB have marked effects on the supply
of VFA to splanchnic tissues.

Fate of absorbed VFA
Tissue utilization of VFA is dependent on initial activation by fatty acyl-CoA synthetases
which are present in many organs including the gut mucosa, liver, muscle, adipose tissue
and brain (Groot et al. 1976). In ruminants, the rumen epithelial butyryl-CoA synthetase
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Fig. 1. Cgrvili{lear relationship between the concentration of acetate in portal (x) and heart () blood from rats
given semi-purified diets containing raw peas (Pisum sativum). Each value is the mean for six rats on each diet.
The fitted line is: y = 0-561 — 1-18x+ 1-22x*  F(2,3) 222, R? 0-99.

(EC 6.2.1.2) is much more active than the CoA-synthetases (EC 6.2.1.1) for acetate and
propionate (Ash & Baird, 1973) and a similar phenomenon has been reported for rat
colonic tissue (Roediger, 1982). Butyrate is readily oxidized by isolated rat colonocytes
(Roediger, 1982; Ardawi & Newsholme, 1985) but comparison of the molar ratios of the
three major VFA in caecal contents and in portal blood in the present study did not indicate
any consistent use of butyrate by the LB mucosa. If net uptake into the portal vein is
calculated by subtracting heart blood concentrations (assumed to represent arterial supply)
from portal concentrations, then the molar proportion of butyrate is lower than that in the
caecal contents for diets containing 0 and 100 g peas/kg only. Further information on the
extent of utilization of acetate and propionate by rat gut tissue is needed.

The activity of liver acetyl-CoA synthetase is reported to be approximately 0-5 #mol/min
per g wet weight in rats (Aas, 1971) and cattle (Ash & Baird, 1973) with activities for
propionyl- and butyryl-CoA synthetases between two and eight times higher in both
species. Assuming a portal blood flow of 17 ml/min (Demigné et al. 19864) for our rats,
the liver would be capable of removing, in one pass, all the propionate and butyrate
supplied via the portal vein on all diets, up to 0-8 of the portal acetate supply with the diet
without peas but only 0-4 of the acetate reaching that organ in rats fed on the diet with the
highest level of peas. This is confirmed by the lack of detectable propionate and butyrate
in heart blood and by the curvilinear increase in heart acetate concentration with increases
in portal acetate concentration (Fig. 1). Demigné et al. (1986a) also observed that the rat
liver removed virtually all the afferent supply of propionate and butyrate but only 0:16
(fibre-free diet) to 0-24 (high-fibre diet) of acetate supply. Using rat livers perfused in situ
with whole rat blood containing a range of acetate concentrations, Snoswell ez al. (1982)
found net hepatic production of acetate when the blood supply contained less than
(-25 pmol acetate/ml, whilst above this concentration there was net uptake with a
fractional extraction of 0-4. There was no net acetate uptake by the liver in fed sheep studied
by Bergman (1975), a finding confirmed by Demigné et al. (1986 ) using sheep hepatocytes.
The functional significance of the efficient removal by the liver of propionate and butyrate
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but not acetate has not been clearly established, but may relate to prevention of narcosis
which can be induced by injection of the longer-chain VFA (Samson et al. 1956).

Concentrations of 3OHB were higher in blood drawn from the heart than from the portal
vein {Table 10), which suggests net utilization by the gut mucosa, confirming observations
that this ketone may be a respiratory fuel for both small (Windmuller & Spaeth, 1980) and
large intestinal mucosa (Roediger, 1982; Ardawi & Newsholme, 1985). The increase in
circulating concentrations of 30HB with increasing proportions of peas in the diet may
indicate greater hepatic production of this ketone from the additional butyrate supplied via
the portal vein from LB fermentation.

Conclusions

Peas are a relatively concentrated source of slowly digested starch and of fermentable NSP
and oligosaccharides, all of which contribute to enhanced fermentation in the LB resulting
in reduced lumen pH, reduced TT and increased absorption of acetate, propionate and
especially butyrate. Each of these effects is potentially beneficial to the human consumer.
Acidification of LB contents, reduced TT and increased butyrate production may help
prevent the development of colo-rectal cancer {Cummings & Branch, 1982). Increased
absorption of VFA, in place of sugars, may reduce hepatic lipogenesis (Pedroso et al. 1989,
1990), with apparently specific effects of propionate in reducing cholesterol production
through an inhibitory action on the key regulatory enzyme for cholesterol synthesis,
hydroxymethylglutaryl-CoA reductase (EC 1.1.1.88) (Rodwell ef al. 1976; Chen ef al.
1984).
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