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Feeding trials have been done with rats to assess the effects of long-term (700 d) consumption of diets 
based on raw cowpeas (Vigna unguiculata; moderate Bowman-Birk inhibitor content, low lectin 
content), lupin seeds (Lupinus angustifolius; low lectin and protease inhibitor content) or soya beans 
(Clycine max; high Kunitz inhibitor content, moderate Bowman-Birk inhibitor content, moderate lectin 
content) or diets containing low levels of raw kidney bean (Phaseolus vulgaris; high lectin content, low 
Bowman-Birk inhibitor content) on body weight and composition and organ weights. All the legume-based 
diets reduced feed conversion efficiency and growth rates during the initial 250 d. However, after 250 d 
the weight gains by rats given legume-based diets were similar to those of controls given the same daily 
feed intake. Long-term consumption of diets containing low levels of kidney bean significantly altered 
body composition of rats. The levels of lipid in the body were significantly reduced. As a result, carcasses 
of these rats contained a higher proportion of muscle/protein than did controls. Small-intestine relative 
weight was increased by short- and long-term consumption of the kidney-bean-based diet. However, the 
increase in relative pancreatic weight observed at 30 d did not persist long term. None of the other 
legume-based diets caused any significant changes in body composition. However, long-term exposure to 
a soya-bean- or cowpea-based diet induced an extensive increase in the relative and absolute weights of 
the pancreas and caused an increase in the incidence of macroscopic pancreatic nodules and possibly 
pancreatic neoplasia. Long-term consumption of the cowpea-, kidney-bean-, lupin-seed- or soya-bean- 
based diets by rats resulted in a significant increase in the relative weight of the caecum and colon. 

Legumes: Rat: Body composition: Gastrointestinal tract: Pancreas 

Commonly consumed legume seeds, such as kidney beans and soya beans, contain various 
components which can potentially interfere with the body metabolism of humans or 
animals (Liener, 1980, 1989). The predominant antinutritional factors in these particular 
species are the lectins and trypsin inhibitors (Liener, 1980, 1989; Pusztai, 1989, 1991). 

Short-term (10 d) dietary exposure to purified kidney-bean or soya-bean lectin impairs 
the growth of rats, induces enlargement of the small intestine, causes damage to the 
epithelium of the small intestine and stimulates hypertrophy and hyperplasia in the 
pancreas (Grant, 1989; Pusztai et al. 1990; Pusztai, 1991). In addition, at high dietary 
concentrations kidney-bean lectins induce rapid depletion of body muscle, lipid and 
glycogen (Pusztai, 1989, 1991). 

Dietary protease inhibitors also interfere with intestinal and systemic metabolism. In 
particular, consumption of purified soya-bean (Kunitz (trypsin) and Bowman-Birk 
(trypsin/chymotrypsin)) protease inhlbitors by rats for 10 d inhibits their growth, mediates 
enlargement of the pancreas and induces a slight increase in small-intestine weight (Grant 
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et al. 1987a, b;  Grant, 1989). Similar although less extensive changes have also been 
observed in rats fed with purified cowpea (Bowman-Birk type) inhibitor (Pusztai et al. 
1992). 

The long-term effects of dietary soya bean on pancreatic metabolism in rats have been 
studied (McGuiness et al. 1984; Gumbmann et al. 1985, 1989; Grant et al. 1989, 1993). 
However, little is known about the consequences for general body metabolism of long-term 
dietary exposure to dietary lectins and protease inhibitors. Therefore, four legume seeds of 
differing lectin and trypsin inhibitor contents were tested in rats over a 700 d period for 
their dietary effects on body metabolism. The seeds used were: cowpea (Vigna unguiculata), 
kidney bean (Phaseolus vulgaris), lupin seed (Lupinus angustifolius) and soya bean (Glycine 
max). 

MATERIALS A N D  METHODS 

Raw kidney beans (var. Processor) were purchased from Booker Seeds (Sieaford, Lincs.) 
and raw soya beans and raw cowpeas from Real Foods (Edinburgh). Raw lupin seeds were 
received from the Grain Pool of Western Australia. All seeds were ground in a Glen 
Creston Hammermill (Glen Creston, Stanmore, Herts.) fitted with 1 mm mesh. Maize oil 
was bought from Strachan and Sons (Aberdeen) and lactalbumin and all other dietary 
materials and reagents from BDH (Poole, Dorset) or the Sigma Chemical Co. (Poole, 
Dorset). 

Estimations of protease-inhibitor content were done essentially as described previously 
(Grant et al. 1986). Seed meals were initially defatted by extraction with light (b.p. 4&60°) 
petroleum (1 : 20, w/v) at room temperature overnight. The defatted meal was air-dried at 
room temperature, extracted by stirring with 0.2 M-citrate-phosphate buffer pH 7.0 (1 : 10, 
w/v) overnight at + lo, centrifuged at 50000 g for 20 min and the supernatant decanted. 
Commercial trypsin (EC 3.4.2 1 . 4  ; type I11 from bovine pancreas) or chymotrypsin 
(EC 3.4.21.1 ; type 1-S from bovine pancreas), in which the true enzyme content was 
estimated by active site titration using p-nitrophenyl-p’-guanidinobenzoate and N-trans- 
cinnamoylimidazole respectively (Schonbaum et al. 1961 ; Chase & Shaw, 1976), was added 
in excess to the seed extracts and the mixtures were left on ice to react. The level of 
uninhibited trypsin activity in the reaction mixture was assessed using N a-benzoyl-DL- 
arginine-p-nitroanilide as substrate (Kakade et al. 1969) and the level of uninhibited 
chymotrypsin was evaluated using glutaryl- 1-phenylalanine-p-nitroanilide as substrate 
(Erlanger et al. 1964). Trypsin and chymotrypsin inhibitory activity was expressed as g 
enzyme inhibited/kg original raw meal and the protease-inhibitor contents of the test diets 
calculated on the basis of the level of raw seed meal inclusion in the diet. 

Haemagglutinating activity in the pH 7.0 buffer extracts was estimated by a serial 
dilution procedure using trypsin-treated rat blood cells (Grant et al. 1986; Grant 1991). 
One unit of haemagglutinating activity (HU) was defined as that being present in the 
amount of material in the last dilution giving 50% agglutination of the blood cells. The 
specific activities (HU/kg) of the original seed meals were calculated. As with the protease 
inhibitors, the lectin content in the test diets was expressed on the basis of the level of raw 
seed meal inclusion in the diet. 

Soya-bean meal, as expected, had a high protease-inhibitor content (24.6 (SD 1.5) g 
trypsin inhibited/kg, 12.0 (SD 1.8) g chymotrypsin inhibited/kg). In contrast, cowpea meal 
and kidney-bean meal contained moderate concentrations of protease inhibitors 
(8.0 (SD 0.8) g trypsin inhibited/kg, 9.1 (SD 0.9) g chymotrypsin inhibited/kg and 
10.6 (SD 1.5) g trypsin inhibited/kg, 9.2 (SD 1.1) g chymotrypsin inhibited/kg respectively). 
In addition, lupin-seed meal was found to contain only small amounts of protease 
inhibitors (1.1 (SD 08) g trypsin inhibited/kg, 1.4 (SD 0.8) g chymotrypsin inhibited/kg). 
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Table 1. Composition of experimental diets ( g / k g )  

Diet.. . CONTROL LUPIN 30KB 90KB SOY COWPEA 

Soya bean (Glycine mux) - - - - 274 - 
Cowpea (Vigna unguiculata) - - - - - 

Lupin seed (Lupinus angusfifolius) - - - ~ - 
- 30 90 Kidney bean (Phuseolus vulgaris) - 

Lactalbumin 126 - 118 105 
Maize starch 244 I0 224 180 166 10 
Potato starch 100 100 100 100 100 100 
Glucose 210 210 210 210 210 210 
Maize oil 220 200 218 215 150 200 
Vitamins 50 50 50 50 50 50 
Minerals 50 50 50 50 50 50 
L-Tryptophan 0.50 0.03 0.10 036 0.50 
L-Methionine - 2.00 0.20 0.60 2.42 3.00 
Silicic acid 0.40 0.40 040 0.40 040 0.40 
Protease inhibitor (g enzyme inhibited/kg diet) 

Trypsin inhibited (g) 0.00 0.35 0.32 0.93 6.74 3.05 

380 
320 

~ - 
- - 

~ 

Chymotrypsin inhibited (g) 0.00 0.45 0.29 0.81 3.29 3.45 

HU x 0.0 0.1 2.5 7 6  1.4 0.1 
Lectin (haemagglutinating (HU)/kg diet) 

Kidney-bean meal contained high levels of lectin (840 (SD 300) HU x 10-5/kg). In 
contrast, soya-bean meal contained only moderate amounts of lectin (50 (SD 10) HU x 
10-5/kg) whilst cowpea and lupin-seed meals contained only small amounts (3 (SD 1) HU x 
lO-'/kg for both). 

On the basis of these findings, diets containing 100 g total protein and 220 g lipid/kg and 
with a gross energy content of 19.3 MJ/kg in which cowpea, lupin seed or soya bean 
provided the sole source of dietary protein (Table 1) were formulated as before (Grant et al. 
1986). Kidney bean was incorporated into a predominantly lactalbumin-based diet at a 
concentration (30 g/kg) which would give a dietary lectin content approximating that in the 
soya-bean diet. However, unlike the soya-bean diet this diet would contain only low levels 
of protease inhibitors. A second kidney-bean diet was formulated (90 g/kg) to give a diet 
with a relatively high lectin content. Both these kidney-bean diets contained 100 g total 
protein/kg. 

Mixed diets were stored at - 20" and were fed to the rats over a 34week period. Fresh 
diets were prepared every 3-4 weeks. The cowpeas, kidney beans, lupin seeds and soya 
beans used throughout were from single batches of these seeds purchased before 
commencement of the present study. All the other components in the semi-purified diets 
were of chemically defined composition. 

Male Hooded-Lister (Rowett strain) rats, reared and housed in the breeding/ 
experimental small-animal unit of the Rowett Research Institute were used in these studies. 
They were weaned at 19 d, fed on non-purified stock diet (Labsure, Manea, Cambs.) for 
10 d and then fed on semi-purified control diet (Table 1) for 5-6 d. Subsequently, after the 
rats had reached 100-105 g in weight they were given the appropriate test or control diets 
exclusively. Water was freely available at all times. 

A total of 292 rats were used in five separate feeding trials. In the first trial, in which rats 
were given either soya-bean-based (SOY) or lactalbumin-based (CONTROL) diets, the test 
rats were given free access to the SOY diet. Control rats were strictly pair-fed to the daily 
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intake of the SOY-fed rats. Initially food intakes of the rats were 7 (SD 2) g/rat per d. They 
increased progressively over the next 15 weeks to 17 (SD 2) g/rat per d and remained at this 
level until the end of the experiment. The initial feed intakes were approximately 60 YO of 
that consumed by rats given free access to the control diet but were still well above that 
necessary to meet the minimum energy, mineral and vitamin requirements of the rats. From 
15 weeks onwards, feed intakes were similar to those of rats given free access to the control 
diet. The rats were weighed every 3 4  d. 

In subsequent rat feeding trials the amount of feed offered daily to all rats was made 
equal to the average daily intake of the rats given SOY diet at the same stage in the initial 
trial. All feed offered was consumed by the rats. 

In trials 1 and 2 a total of thirty-five rats (fifteen in trial 1 and twenty in trial 2) were fed 
on the SOY diet and thirty-five (fifteen in trial 1 and twenty in trial 2) were fed on the 
CONTROL diet for up to 700d. With the exception of eight SOY-fed rats and three 
CONTROL rats which had to be killed earlier because they were showing signs of distress, 
all the remainder were killed at 700 d. 

In trials 3 , 4  and 5 a total of thirty-nine rats were fed on CONTROL diet, thirty-nine rats 
were fed on the cowpea-based (COWPEA) diet, thirty-nine on the 30 g/kg kidney-bean- 
based (30 KB) diet, thirty-nine on the 90 g/kg kidney-bean-based (90 KB) diet, twenty- 
seven on the lupin-seed-based (LUPIN) diet and thirty-nine on the SOY diet. In trial 3 
twelve rats were allocated to each of the dietary treatments except LUPIN which was not 
included. In trial 4 twelve rats were allocated to each of the dietary treatments and in trial 
5 fifteen rats were allocated to each treatment. In each of the trials a proportion of the test 
and control rats was killed at 30, 250 and 700 d. All the rats were killed at pre-planned 
timepoints during the trials with the exception of four SOY-fed rats, one COWPEA-fed rat 
and one CONTROL rat which had to be killed between 500 and 700 d because they were 
showing signs of distress. 

Control- and SOY-fed groups of rats were included in each of the five feeding trials. The 
30 KB, COWPEA and LUPIN diets were included in trials 3-5. Cross-comparison of the 
individual weight gain, body composition and tissue weight data obtained in each trial 
indicated that there were no significant inter-trial variations in the responses of rats to the 
diets. 

The rats were killed at either 30, 250 or 700 d by anaesthetic overdose followed by 
exsanguination. Feed had been removed overnight, the rats were given 5 g  of the 
appropriate diet the following morning and killed exactly 2 h later. This procedure was 
adopted to minimize any effects arising from differences in amount and time of feed intake. 

The stomach, small intestine, caecum and colon were removed and their contents washed 
out with copious amounts of ice-cold 0.05 M-phosphate buffered saline (PBS). The tissues 
were blotted dry, given a visual examination for the presence of any macroscopic lesions 
and then frozen on dry ice. The liver, kidneys, adrenals, pancreas, spleen, thymus, lungs, 
heart, thyroid and the soleus, plantaris and gastrocnemius hind-limb muscles were excised, 
washed with PBS, blotted dry, examined and frozen on dry ice. All the tissues and 
remaining carcass were weighed, freeze-dried and reweighed. To minimize differences due 
to rat weight and water content, all tissue weights were expressed as g dry weight/kg dry 
body weight. 

The remaining carcass and organs and tissues were recombined and ground with a 
mincer. Totai carcass N content was estimated by a macrokjeldahl method (Davidson et al. 
1970) and body protein was calculated as N x 6-25. Estimation of total lipid was done by 
extraction of the ground tissue with chloroform-methanol (2: 1, v/v) at a sample: solvent 
ratio of 1 :200, w/v (Grant et al. 1986). 

Results were expressed as arithmetic means with a pooled standard deviation. One-way 
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ANOVA was carried out on the data using the Minitab statistical software package 
(Minitab, New York, NY, USA) and multiple comparisons were done by the Tukey test 
(Zar, 1984). Differences were considered to be significant if P d 0-01. 

R E S U L T S  

All rats, irrespective of whether they were fed on the control or the test diets, gained weight 
throughout the 700-d experimental period (Tables 2 and 3). However, there were 
considerable differences in the efficiency with which the rats utilized the various diets (Fig. 
1). Thus, rats fed on the SOY or 90 KB diets utilized the diet less efficiently and gained 
weight far more slowly than did the controls. As a result, by 250 d they were on average 
130-150 g lighter than comparable control rats (Tables 2 and 3). 

Weight gains were also reduced in rats fed on COWPEA, LUPIN or 30 KB diets (Fig. 
1). However, the impairment was less than that caused by the SOY or 90 KB diets. Thus, 
at 250 d, rats fed on COWPEA, LUPIN or 30 KB diets were only 60-70 g lighter than the 
control rats (Table 3). 

Efficiency of feed conversion decreased steadily with time, and from 200-700 d the values 
obtained for the test diets were not significantly different from those for the control diet 
(Fig. 1). All the rats therefore gained weight at approximately the same rate during this 
period. Thus, the net differences in weight between the control and test rats observed at 
250 d were essentially maintained during the remainder of the experiment. 

Lipid deposition was greatly reduced in rats fed on the 90 KB diet for 30,250 or 700 d. 
Despite having feed and lipid intakes similar to those of controls, the carcasses of rats fed 
on 90 KB contained approximately 13 g lipid at 30 d, 85 g at 250 d, and 183 g at 700 d, 
whereas comparable controls contained approximately 24, 173 and 307 g respectively. As 
a result, the proportion of lipid in the carcass of these rats was considerably decreased at 
all three timepoints (Table 3). 

Protein deposition was also adversely affected by feeding the rats on the 90 KB diet. The 
carcasses of rats fed on 90 KB contained approximately 29 g protein at 30 d, 72 g at 250 d 
and 82 g at 700 d, whereas comparable controls contained approximately 40,90 and 99 g 
respectively. Therefore, unlike the effects on lipid deposition which seemed to occur 
throughout the whole 700-d period, the interference with protein accretion appeared to be 
most extensive during the initial rapid growth phase of the rats. The impairment of protein 
accretion was, however, much less extensive than that of lipid accretion at all time points. 
Thus, the proportion of protein in the carcass of rats fed on 90 KB was considerably higher 
than that in comparable controls at 30,250 or 700 d (Table 3). Carcasses of rats fed on the 
90 KB diet contained a higher proportion of water than did carcasses of control rats (Table 
3). As a result, the water:protein ratio for these rats was higher than that for control rats. 

Consumption of the 30 KB, COWPEA, LUPIN or SOY diets did reduce net protein and 
lipid accretion. However, unlike the findings with 90 KB diet, consumption of these diets 
did not result in any alterations to the proportions of lipid and protein in the carcass 
(Tables 2 and 3). 

Consumption of the SOY diet by rats for 30, 250 or 700 d led to significant changes in 
the relative weights (g/kg dry body weight) of some tissues (Tables 2 and 4). In particular, 
very extensive enlargement of the pancreas was evident in all rats fed on this diet for 30, 
250 or 700 d. Furthermore, in a proportion of the pancreas samples taken from rats fed on 
SOY for 700 d some development of macroscopic pancreatic nodules was evident. These 
lesions were not evident at earlier timepoints and were not observed in any of the control 
rats. No other tissues were significantly altered in rats given SOY for 30 d. However, the 
stomach, caecum and colon were enlarged in rats given SOY for 250 or 700 d (Tables 2 and 4). 
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Table 2. Body weights (BW),  carcass composition and dry tissue weights from rats fed on 
a control diet or a diet containing soya bean (SOY)  for 700 d* 

Diet.. . CONTROL SOY Pooled 
(n 32) (n 27) SD 

Fresh BW (8) 777" 600b 32 
Water (g/kg fresh BW) 405" 444' 33 
Dry BW (8) 462" 334b 21 
Protein (g/kg dry BW) 228" 239' 22 
Lipid (g/kg dry BW) 680" 670' 22 
Stomach (g/kg dry BW) 1.4' 24" 0 4  
Small intestine (g/kg dry BW) 9.9& 104" 0 9  

Pancreas (g/kg dry BW) 1 .on 2.4"f 0 2  

Caecum (g/kg dry BW) 0.9" 1.6" 0.3 
Colon (g/kg dry BW) 1.2a 2.2" 0.3 

Gastrocnemius muscles (g/kg dry BW)f 3.0" 3.0" 0.3 

Values within a row with unlike superscript letters were significantly different (P < 0.01). 
* For details of diets and procedures, see Table 1 and pp. 1&20. 
t Combined weight of muscles from both hind legs. 
f Limited development of macroscopic pancreatic nodules was evident in ten of the SOY group of rats. These 

lesions were not apparent in the remainder of these rats or in the control group. 

Table 3 .  Body weights (BW) and composition of rats fed for  30, 250 or 700 d on control 
diet or diets containing legume-seed meals* 

(Mean values for the following numbers of animals: 30 d, n 12; 250 d, n 12; 700 d, n 15 except for SOY 
(n l l ) ,  COWPEA (n 14) and CONTROL (n 14)) 

Pooled 
Diet ... CONTROL LUPIN 30KB 90KB SOY COWPEA SD 

Fresh BW (g) 
30 d 187" 172' 173' 143h 139b 170" 12 

250 d 610" 546" 547b 461' 466' 54Ib 27 
700 d 760" 689" 695' 599' 609' 690b 31 

30 d 620" ND 61Sa 663b 633" 629" 17 
250 d 520" 569' 534" 621" 575% 553' 31 
700 d 411" 455' 422' 511" 452" 450' 27 

30 d 71' ND 67" 48b 51" 63' 3 
250 d 293' 235" 255" 175' 198' 242h 19 
700 d 448" 376" 402b 293c 334' 380" 19 

30 d 560" ND 555' 611b 560" 555' 19 
250 d 308" 328" 333' 403' 343' 321" 25 
700 d 221" 238" 23Y 281b 233' 229" 19 

30 d 333" ND 338' 276b 326' 335" 15 
250 d 592a 571' 558' 48gb 557a 576' 25 
700 d 686" 672' 675' 625' 677" 680' 21 

Water (g/kg)t 

Dry BW (g) 

Protein (g/kg)$ 

Lipid (g/kg)S 

LUPIN, lupin-seed (Lupinus angustifolius) meal; 30 KB, 30 g kidney bean (Phaseolus vulgaris var. Processor)/kg 
diet; 90 KB, 90 g kidney bean/kg diet; SOY, soya-bean (Glycine max) meal; COWPEA, cowpea (Vigna 
unguiculatu) meal; ND, not determined. 

Values within a row with unlike superscript letters were significantly different (P < 001). 
* For details of diets and procedures, see Table 1 and pp. 18-20. 
t g/kg fresh body weight. 
2 g/kg dry body weight. 
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1- 0 50 100 150 200 250 700 
Time period (d) 

Fig. 1. (a) Feed intake and (b) feed conversion efficiencies for rats fed with equal amounts of a control diet (0) 
or diets containing cowpea (Vignu unguicufutu; A), kidney bean (Phuseolus vulgaris var. Processor; 30 g/kg (A)), 
kidney bean 90 g/kg (a), lupin seed (Lupinus ungusfifolius; m) or soya bean (Glycine wax; 0) for up to 700 d. 
Values are means for twelve or more rats, with their standard errors indicated by vertical bars. Analysis of the 
data indicated that for timepoints between 10 and 100 d diets could be ranked: control > 30 g kidney bean/kg 
= lupin seed = cowpea > 90 g kidney bean/kg = soya bean (P < 0.01). From 200-700 d there were no significant 
differences between diets. 

Pancreatic growth was even more extensive in the twelve SOY-fed rats which had to be 
killed between 500 and 700 d (Table 5). Pancreas weights were at least 2-3 times greater 
than those found in the majority of rats fed on SOY for 700 d and at least 4-7 times greater 
than those in controls. In addition, macroscopic pancreatic nodules were present over the 
whole surface of pancreata from all these rats. The appearance of the tissue and the 
presence of adhesions to other tissues suggested that pancreatic neoplasia may have 
occurred in four of these rats. With eight of the rats the weights of other body tissues were 
similar to those measured in the majority of SOY-fed rats. However, in the four rats which 
appeared to show signs of neoplasia the spleen was found to have been increased 3-fold in 
weight, the liver and kidneys were also significantly heavier, whilst the weights of the 
gastrocnemius muscles, small intestine, caecum and colon were significantly reduced 
(Table 5). 

There were considerable similarities between the changes in rat tissue weights caused by 
the SOY diet and those induced by the COWPEA diet (Tables 4 and 5). However, whilst 
the increases in the weights of the stomach, caecum and colon caused by dietary COWPEA 
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Table 4. Dry weights (glkg dry body weight) of tissues from rats fed  for 30, 250 or 700 d 
on control diet or diets containing legume-seed meals* 

(Mean values for the following numbers of animals: 30 d, n 12; 250 d, n 12; 700 d, n 15 except for SOY 
(n  1 I), COWPEA (n 14) and CONTROL (n 14)) 

Pooled 
Diet.. . CONTROL LUPIN 30KB 90KB SOY COWPEA SD 

Stomach 
30 d 

250 d 
700 d 

30 d 
250 d 
700 d 

Caecum 
30 d 

250 d 
700 d 

30 d 
250 d 
700 d 

Pancreas 
30 d 

250 d 
700 d 

30 d 
250 d 
700 d 

Small intestine 

Colon 

Gastrocnemius muscles? 

2.9" 
2.0" 
1 .4a 

15.8" 
11.2' 
9.5' 

2.3" 
1.2" 
0.9' 

3.1" 
1.7" 
1.3" 

3.1" 
1.8" 
1 *2" 

6.9" 
39" 
2.9" 

ND 
2.3" 
1%" 

ND 
12.1' 
10.4' 

ND 
2.0b 
l.Sb 

ND 
2.6' 
2.0b 

ND 
1.8' 
1.4" 

ND 
4.0" 
3.2" 

3.0" 3.4' 3.1" 
2.0" 2.3" 2.5b 
1.4" 1.6" 2.3b 

18.9" 24.3" 16.6" 
12.2" 15.2b 12.3" 
10.6" 12.3b 10.5" 

2,2" 2.3a 2-3" 
1.4" 1.6" 1.6h 
1 .O" 1 .4b 1 9  

3.2' 3.4& 3.3" 
1.6" 2.3b 2.6" 
1-4" 2.1b 

3.7b 4.7' 4.6' 
1.7" 1.9' 2.6' 
1.2% 1.3" 2.3bt 

7.0" 7.5b 6.9" 
4-1" 4.4b 4.0" 
3.1" 3.Ilb 3.1" 

32" 0.3 
2.5b 0.2 
2.2b 0.3 

160" 0.8 
11.7' 0.8 
10.6' 1 .o 
2.3" 0.2 
1.6b 0 1  
1.4" 0.2 

3.3" 0.2 
2.3b 0.3 

0.2 

3.7b 0.2 
2.1b 0.1 
1.7'1 0.2 

7,O" 0.2 
4.1" 0.1 
3.0a 0.2 

LUPIN, lupin-seed (Lupinus angustifolius) meal; 30 KB, 30 g kidney bean (Phaseolus vulgaris var. Processor)/kg 
diet; 90KB,  90g kidney bean/kg diet; SOY, soya-bean (Glycine max) meal; COWPEA, cowpea (Vigna 
unguiculata) meal; ND, not determined. 

& , b * C  Values within a row with unlike superscript letters were significantly different (P < 0.01). 
* For details of diets and procedures, see Table 1 and pp. 1&20. 
t Combined weight of muscles from both hind-legs. 
$ Limited development of macroscopic pancreatic nodules was evident in four of the SOY group and two of 

the COWPEA group. These lesions were not apparent in the remainder of these groups or in the other control 
or test groups. 

were similar in extent to those observed in SOY-fed rats, the enlargement of the pancreas 
tended at all timepoints to be less extensive than that caused by dietary SOY. 

Enlargement of the small intestine was observed in rats fed on the 90 KB diet for 30,250 
or 700 d (Table 4). However, the extent to which the 90 KB diet induced small-intestine 
enlargement appeared to reduce with time. Thus, after 30 d the small intestine of rats given 
90 KB was approximately 53 YO heavier than that of controls, whereas it was only 30 YO 
heavier than that of comparable controls after 700 d. This diminution in response with time 
may possibly explain why small-intestine enlargement was evident in rats fed on a lower 
concentration of kidney bean (30 KB) for 30 d but not in those fed on this diet for 250 or 
700 d (Table 4). 

Significant pancreatic enlargement was induced by feeding rats for 30 d on 30 KB or 
90 KB (Table 4). However, the effects did not seem to persist. Thus, after 250 or 700 d no 
significant pancreatic enlargement was evident in rats fed on these kidney-bean diets. 

Gastrocnemius muscles in rats on 90 KB were considerably reduced in absolute weight. 
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Table 5. Dry weights (g /kg  dry body weight) of tissuesfrom rats fed on diets containing soya 
bean (Glycine max SOY 1, SO Y 2 )  or cowpea (Vigna unguiculata) meal (CO WPEA) killed 
during the period 500-700 d because they were showing signs of distress, compared with values 
for soya-bean fed rats (SO Y )  killed as planned at 700 d* 

Diet.. . COWPEA SOY 1 SOY 2 SOY Pooled 
(n 1) (n4) (n 8) ( 8 6 )  SD 

Small intestine 
Caecum 
Colon 
Pancreas 
Spleen 
Liver 1 
Kidneys 
Gastrocnemius muscles5 

8.9 8.2b 11.0" 10.4" 
1.3 1.2b 1.4a 1.5' 
1.6 1.5b 2.1" 2.0' 
1.9t 9.2't 5.0b$ 2.4' 
1.9 3.0b 1.3" 1 .oa 

14.2 16.9" 13.9" 14.5' 
1.9 2.6" 1.9' 1.8' 
2.6 20' 3.0" 3.1' 

1.1 
0.2 
0.2 
1.3 
0.7 
1 .o 
0.3 
0.3 

a,h Values for SOY, SOY 1 and SOY 2 within a row with unlike superscript letters were significantly different 

* For details, see pp. 18-20. 
t Very extensive development of macroscopic pancreatic nodules was evident and there were indications of 

3 Very extensive development of macroscopic nodules was evident over the whole pancreas. 
0 Combined weight of muscles from both hind-legs. 

(P < 001). 

neoplasia. 

However, on a proportional basis they constituted a much higher proportion of the total 
dry body weight than did those of control rats (Table.4). This was consistent with the 
finding that carcasses of rats fed on 90 KB had a high percentage of body protein. Long- 
term consumption of the 30 KB diet did not significantly alter proportional gastrocnemius 
weights (Table 4). 

Caecum and colon weights were significantly increased in rats fed on 90 KB for 250 or 
700 d (Table 4). These changes were not observed in rats fed on 30 KB. However, they were 
apparent in rats fed on LUPIN diet for 250 or 700 d. 

Four of the control rats had to be killed between 500 and 700 d because they were 
exhibiting signs of acute distress. With three of the rats the urinary bladders were found to 
be greatly distended and to contain considerable amounts of spherical, white, bladder 
stones. The kidneys of these rats were also significantly enlarged. The liver of the fourth 
control rat was found to be 2-3 times larger than normal, it had a yellow mottled 
appearance and there appeared to be some tumour development in the tissue. The spleen 
of this rat was also greatly enlarged. Development of urinary bladder stones was not 
observed in any of the rats fed on legume-based diets. Tissue weights from these four 
control animals were not included in the Tables. 

DISCUSSION 

The soya beans used in the present study contained high levels of trypsin-inhibitory activity 
and lower levels of chymotrypsin-inhibiting activity. This appeared to be consistent with 
the seeds containing a combination of Kunitz (trypsin) and Bowman-Birk (trypsin/ 
chymotrypsin) inhibitors (Pusztai et al. 1991 b). Cowpeas and kidney beans had moderate 
levels of both trypsin- and chymotrypsin-inhibitory activity which appeared to be 
consistent with the presence of Bowman-Birk type inhibitors but no Kunitz inhibitors in 
these seeds (Pusztai, 1966; Norton, 1991). However, lupin seeds contained only very low 
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concentrations of trypsin and chymotrypsin inhibitors, as found before (Kim & 
Madhusudhan, 1988). 

Lectin activity, as expected, was very high in kidney bean, significantly lower in soya 
bean and very low in cowpea and lupin seed (Pusztai & Palmer, 1977; Grant et al. 1983; 
Kim & Madhusudhan, 1988; Pusztai et al.1991 b). 

Inclusion of the legume-seed meals in diets for young rats significantly impaired feed 
conversion efficiency and growth. However, the growth-reducing effects of dietary legumes 
appeared to diminish with time and after 200 d the growth rates of rats on the test diets 
were close to those of controls given the same daily intake. This could have been due, in 
part, to adaptation to the diets. However, it is more likely that age-linked changes in 
metabolism decreased the susceptibility of rats to the effects of the legume-based diets. 

Ageing rats (200 d + )  gain weight very slowly and have lower requirements for dietary 
nutrients (Rogers, 1979). Therefore, any limitation in nutrient availability or interference 
with body metabolism caused by the presence of legume-seed meals in the diet would be far 
less deleterious for them than it would for young, rapidly growing rats. Legume lectins and 
trypsin inhibitors do interfere with body metabolism and nutrient availability (Grant, 1989 ; 
Pusztai, 1991). However, in the present study the levels of lectin and/or protease inhibitors 
in the test diets were insufficient to stop growth or cause acute toxic effects in young, rapidly 
growing rats. The interference with intermediary metabolism caused by these anti- 
nutritional factors was thus limited in extent. They are therefore liable to have had even less 
effect on metabolism in ageing rats and this may explain why after 200 d the growth rates 
of rats on these diets were similar to those of controls given the same daily feed intake. This 
would also be consistent with the findings that the weight gains of mature rats or hens were 
not altered by inclusion of raw soya bean or kidney bean in their diets (Saxena et al. 1963; 
Booth et al. 1964; Rackis, 1974; Pusztai, 1980). 

Net protein and lipid accretion by rats was reduced as a result of inclusion of legume- 
seed meals in their diet. However, only in the case of the 90 KB diet (high lectin content, 
moderate protease inhibitor content) did this result in a change in the composition of the 
carcass. It seems likely that the reduction in the proportion of carcass lipid was due to the 
relatively high amount of lectin present in the diet since the other legume diets (30 KB, 
moderate lectin content, low protease-inhibitor content; SOY, moderate lectin content, 
high protease-inhibitor content ; COWPEA, moderate trypsin inhibitor levels, low lectin 
content and LUPIN, low lectin and low protease-inhibitor contents) did not appear to 
cause this change. Rapid depletion of body lipid and protein and weight loss were 
previously observed in rats fed on very high levels of dietary kidney bean (260 g/kg diet) 
or kidney-bean lectins (Pusztai et al. 1986; Grant et al. 1988; Pusztai, 1991). 

Dietary lectins are known to survive passage through the gastrointestinal tract, to 
interact with epithelial cells of the small intestine, to be endocytosed into enterocytes and 
to be released systemically in an intact and fully reactive form (Pusztai et a/. 1989, 1990; 
Pusztai, 1991). Due to this ability to bind to enterocytes and/or to be taken up systemically, 
kidney-bean lectins can interfere with hormone balance and in particular with pancreatic 
insulin synthesis and secretion (Pusztai et al. 1991 a ;  Carvalho, 1993). At very high dietary 
kidney-bean lectin intakes this leads to very low circulating insulin levels and appears to 
cause net catabolism of body lipid and protein (Pusztai et al. 1986, 1991 a;  Pusztai 1991 ; 
Carvalho, 1993). Lipid depletion occurs more rapidly than does that of muscle/protein 
and, as a result, the proportion of lipid in the carcass of kidney-bean-lectin-fed rats 
decreases whilst that of protein increases. There is also apparently a compensatory increase 
in carcass water (Grant et al. 1988). 

Kidney beans or kidney-bean lectins therefore have severe effects on body composition 
and metabolism when fed to rats at very high dietary levels for up to 10 d (Pusztai, 1991). 
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It was previously shown that at lower levels of dietary inclusion neither kidney beans 
(100 g/kg diet) nor purified kidney-bean lectins caused any significant changes in body 
composition when fed to young rats for 10 d (de Oliveira, 1986; de Oliveira et al. 1988). 
However, the findings of the present study suggest that even at these lower levels of dietary 
inclusion kidney bean interfered with lipid and protein accretion and could cause small but 
significant changes in body composition in the longer term. Indeed, the rate of lipid 
deposition by rats fed on the 90 KB diet appeared to be reduced throughout the 700 d trial 
period whereas protein accretion appeared to be lowered primarily during the rapid growth 
phase of the rats. Furthermore, the potentially beneficial lowering of percentage body lipid 
observed in rats fed on 90 KB was achieved in the absence of the acute toxicity effects, such 
as rapid weight loss, observed in rats fed on very high levels of kidney bean (Pusztai, 1989, 
1991). 

Small-intestine enlargement was evident after long-term exposure of rats to the 90 KB 
diet. However, the extent of the small-intestine enlargement, which is due specifically to the 
trophic effects of the constituent seed lectin (Pusztai, 1989, 1991), was no greater than that 
found in rats given this diet for 30 d. Indeed, there were some indications that the changes 
occurred to a lesser extent in the older rats. Therefore, although the trophic effects of 
comparatively low dietary levels of kidney bean towards the small intestine persist in the 
long term, they are probably not cumulative. 

Dietary kidney bean (30 or 90 g/kg) appeared to have little or no long-term deleterious 
effects upon the pancreas. Thus, although pancreatic enlargement occurred in rats given the 
90 KB diet for 30 d, it was not evident after 250 or 700 d. Pancreatic enlargement induced 
in rats by short-term exposure to dietary kidney bean is due primarily to the presence of 
the constituent seed lectins (de Oliveira et al. 1988; Pusztai, 1989). The present study 
indicated that long-term dietary exposure to low levels of kidney bean had no cumulative 
deleterious effects on pancreatic metabolism. The reasons for the diminution in the trophic 
effects of dietary lectin on the pancreas remain unknown but are possibly linked to age- 
related changes in pancreatic and small-intestine structure and function (Vellas et al. 1990). 

Soya-bean and cowpea diets, as expected, caused rapid pancreatic growth in rats. The 
pancreatic enlargement in rats fed on these diets, as noted in other studies with soya bean 
(McGuiness et al. 1984; Gumbmann et al. 1985, 1989; Grant, 1989, 1990), persisted 
through to 700 d. Indeed, with rats fed on soya bean or cowpea the enlargement appeared 
to be far more extensive at 700 d than that observed at 30 or 250 d. Thus, the trophic effects 
of dietary soya bean (high Kunitz inhibitor content, moderate Bowman-Birk inhibitor 
content and moderate lectin content) or cowpea (no Kunitz inhibitor content, moderate 
Bowman-Birk inhibitor content and low lectin content) on the pancreas persisted on long- 
term feeding and were possibly cumulative. 

Pancreatic enlargement in SOY-fed rats which had to be killed between 500 and 700 d 
was much more extensive than that found in those SOY-fed rats which survived the full 
700 d experimental period. Pancreatic samples from these rats showed extensive 
development of macroscopic pancreatic nodules (McGuiness et al. 1980; Longnecker, 
1989) over the whole of tissue. With four of the SOY-fed rats the appearance of the tissue 
and the presence of adhesions to other tissues suggested that pancreatic neoplasia may have 
occurred. Splenomegaly, liver and kidney enlargement, and reduced gastrocnemius muscle, 
small intestine, caecum and colon weights were also evident in these four rats. Similar 
changes were observed with one rat fed long-term with the cowpea-based diet. 

The caecum and colon of rats fed on the SOY, 90 KB, COWPEA or LUPIN diets long- 
term were enlarged. The reasons for these changes are unknown. However, it did not 
appear that the lectins or the protease inhibitors were major factors in mediating these 
changes since diets containing high or low levels of these antinutritional factors were 
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equally effective in causing enlargement of the large intestine. It is possible that these 
changes are linked to production of volatile fatty acids in the caecum as a result of digestion 
of dietary fibre derived from legume-seed meals (Mathers et al. 1993). 

This work was supported by the Scottish Office Agriculture and Fisheries Department. 
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