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Dietary proteins are degraded by both endogenous enzymes and the caecal microflora. In conventional 
rats the enzyme content of the pancreas depends on the amount of dietary protein. The influence of the 
caecal microflora on this process is unknown. We report here the effect of the caecal microflora on 
pancreatic enzymes (proteases, amylase (EC 3.2.1. l), lipase (EC 3.1.1.3)) and on colonic metabolites 
(NH,, urea, short-chain fatty acids). Germ-free and conventional male Fischer rats were fed for 3 weeks 
with a diet containing 220 or 450 g protein/kg provided as a mixture of fish concentrate and soyabean 
isolate. The excretion of NH, and the pH were specifically increased by the high-protein diet in the germ- 
free rats. The higher production of isobutyrate, valerate and isovalerate in conventional rats fed on the 
high-protein diet reflected a high bacterial proteolytic activity since these short-chain fatty acids are 
specific indicators of this activity. The microflora hydrolysed urea to NH, and maintained the pH at 
neutrality whatever the amount of protein in the diet since there were changes in germ-free rats but not 
in conventional ones. In germ-free rats, amylase, trypsin (EC 3.4.21.4), elastase (EC 3.4.21.36) and 
carboxypeptidase A (EC 3.4.17.1) specific activities were significantly lower than in conventional rats. 
The adaptation of the pancreas to the 450 g protein/kg diet was not impaired by the bacterial status 
except for the specific activity of chymotrypsin (EC 3.4.21.1) which was more increased by this diet in 
germ-free than in conventional rats. Moreover, the specific activity of lipase increased only in 
conventional rats fed on the 450 g protein/kg diet. In conclusion, we observed a relationship between the 
enzyme content of the pancreas and the presence or absence of the caecal microflora suggesting that 
bacterial fermentation influences pancreatic function. 

Pancreatic enzymes: Caecal fermentation: Germ-free rat 

The fate of dietary proteins in single-stomached mammals depends on both endogenous 
enzymes and the caecal microflora. Because the amount of protein in the diet influences the 
caecal microflora and the pancreas, we wondered if a protein that was fermentable by the 
caecal microflora might influence the endogenous metabolism. 

The many ways in which micro-organisms take part in the metabolism of proteins in the 
gut have been extensively reviewed (Salter, 1973; Visek, 1978; McNeil, 1988). The quantity 
and quality of dietary proteins determine the quantities of proteins, peptides and amino 
acids entering the large bowel (Combe et al. 1970). Comparative studies between germ-free 
(GF) and conventional (CV) rats (Salter, 1973; Combe et al. 1976; Yanagida et al. 1985) 
provide convincing evidence that the caecal microflora has proteolytic and deaminative 
activities on undigested nitrogenous matter which produce a large variety of metabolites. 
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Consequently, the pattern of nitrogenous excretion is modified by micro-organisms 
(Combe et al. 1965, 1970). In the caecum and the colon, proteins are degraded with 
production of short-chain fatty acids (SCFA), NH,, amines and various phenolic acids. 
Among the SCFA, the branched-chain isobutyric and isovaleric acids arise from the 
breakdown of valine and isoleucine (Cummings & Bingham, 1987; Zarling & Ruchim, 
1987). SCFA and NH, are end-products of the bacterial proteolytic activity. 

The influence of fermentation products on endogenous proteolytic activity is not known. 
When comparing GF  and CV rats fed on a liquid or a semi-purified diet, the amounts of 
protease activity in the pancreas, in its juice and in the lower intestine were almost the same 
(Borgstrom et al. 1959; Lepkovsky et al. 1966; Reddy et al. 1969; Genell et al. 1976; Von 
Juhr, 1980). As pancreatic enzymes reach the foregut they are digested by bacteria like any 
other endogenous peptide. The role of intestinal bacteria in determining the fate of 
endogenous enzymes in the caecum is variable (Borgstrom et al. 1959; Genell et al. 1976). 
Because of its purity, a protein such as casein is digested in the proximal intestine and, 
therefore, is not metabolized by the caecal microflora (Corring et al. 1979). In conventional 
rats, other protein sources do indeed reach the caecum (Rkrat, 1978). 

In conventional rats the synthesis and secretion of pancreatic enzymes are modulated by 
the nature and composition of the diet (Corring et al. 1989; Brannon, 1990). The specific 
activity and synthesis of amylase (EC 3.2.1 . 1) are decreased and those of proteases are 
increased when the amount of dietary protein is raised at the expense of carbohydrate. 
Among proteolytic enzymes, only endopeptidases, i.e. trypsin (EC 3.4.21 .4), chymotrypsin 
(EC 3.4.21 . 1) and elastase (EC 3.4.21 .36), are influenced by dietary proteins. The control 
of pancreatic biosynthesis is mostly pretranslational since the alteration of the mRNA 
expression of specific enzymes is parallel to their biosynthesis (Le HuCrou-Luron et al. 
1993). 

Human-type diets were chosen according to the occidental standards in terms of protein 
and fat. The average protein intake by humans is 17 YO of energy (Committee on Diet and 
Health, 1989). The levels of dietary protein were also chosen to highlight the pancreatic 
adaptation to a high protein diet (Corring et al. 1989; Brannon, 1990). The protein intake 
consisted of a mixture of fish concentrate and soyabean isolate. As a consequence, the fish 
oil considerably modified the quality of ingested fat in the high-protein diet. 

To illustrate the role of caecal microflora we studied the profile of bacterial metabolites. 
To compare the effects of caecal microflora and diet on the enzyme content of the pancreas, 
we measured the specific activities of pancreatic enzymes in germ-free and conventional 
rats. To determine the involvement of gastrointestinal peptides which may regulate 
pancreatic adaptation to protein-rich diets in rats, we measured the level of cholecystokinin 
(CCK) in the plasma. 

E X P E R I M E N T A L  P R O C E D U R E S  

Animals 
Male Fischer rats aged 6 weeks (122 (SEM10) g), either GF  or CV, were housed in wire- 
bottomed cages (two rats per cage). They received 22 g diet/d, had free access to acidified 
water and were maintained under a 12 h-12 h lightdark cycle. The GF rats were reared 
in Trexler-type isolators fitted with a rapid transfer system (LaCahltne, VClizy, France). 

Diets 
The composition of diets is given in Table 1. Proteins (fish plus soyabean) were 
incorporated into the diet by replacement of mashed potato. The contribution of the potato 
component to total protein was considered when designing the diets. The protein content 
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Table 1 .  Composition (g /kg  DM) and crude energy content (MJ/kg  DM) of the diets 

Protein content* (g/kg) ... 220 450 

Fish Concentrate? 96 300 
Soyabean isolate3 90 282 
Maize oil 40 16 
Lard 100 100 
Mashed potato4 519 149 
Sucrose 50 50 
Cellulose 50 48 
Minerals(( 45 45 
Vitamins7 10 10 
Crude energy* 19.6 21.2 

* Measured by the Kjeldahl method (N) and calorimetry. 
t Fish concentrate (CPSP 80, Soprowhe Inc., Boulogne/mer, France) contained approximately (g/kg): 

$ Contained approximately (g/kg): protein 885, lipid 15, cellulose 15, which were taken into account when 

5 Contained approximately 90 g protein/kg. 
11 Contained (mg/g mineral complex): potassium phosphate 240, calcium carbonate 560, sodium chloride 69, 

magnesium oxide 20, magnesium sulphate 90, iron sulphate 8.6, zinc sulphate 5, manganese sulphate 5, copper 
sulphate 1, cobalt carbonate 0.02, potassium iodide 0.04, ammonium molybdate 0.02, sodium selenate 002, 
sodium fluoride 0.8, chromium-potassium sulphate. 12H,O 0.5. 

7 Contained (mg/kg diet): choline concentrate (500 g/l) 1500, vitamin E 100, retinyl acetate 10, cholecalciferol 
25, nicotinic acid 45, calcium pantothenate 30, thiamin hydrochloride 10, riboflavin 10, pyridoxine hydrochloride 
10, ascorbic acid 100, para-aminobenzoic acid 50, pteroylmonoglutamic acid 2, cyanocobalamin 13.5, Rovimix 
H, (Roche, Welwyn Garden City, Herts.) (biotin) 10, menadione 1, myoinositol 50, sucrose 8033.5. 

protein 800, lipid 10, minerals 5. 

balancing the diets. 

of each diet was assayed by the Kjeldahl method and found to be respectively 220 and 
450 g/kg. The amount of fat remained unchanged since maize oil was replaced by the fat 
present in the fish concentrate. The diets were sterilized by irradiation at 50 KGy in 
vacuum-sealed plastic bags. They are referred to as P22 and P45. 

Experamental design 
The rats were divided into two groups of twelve GF and two groups of ten CV rats. In both 
cases, one group was fed on the P22 diet and the other received the P45 diet for 3 weeks. 
Dietary intake and weights were recorded every week in order to calculate the consumption 
index for the whole experiment. 

At the end of the first week a nutritional balance study (total energy and N) was 
performed for 5 d. At 4 d before the study, rats were placed in metabolism cages. Then, 
faeces of each rat were collected and freeze-dried. Feed intake was measured and rats were 
weighed before and after each balance. 

At the end of the third week the rats were decapitated under diethyl ether anaesthesia 
without fasting. The arterial blood was collected for a plasma CCK assay. The caecum was 
removed and the pH of its content immediately measured. The caecal contents were stored 
at -60" for assay of NH,, uric acid and urea in both GF and CV rats. In addition, the 
concentration of SCFA was assayed in CV rats. The pancreas was removed, weighed and 
stored at - 20" until biochemical assays. 

Analysis of diets and fermentation metabolites 
Diets and freeze-dried faeces were ground and diluted in distilled water. Caecal contents 
were diluted in phosphate buffer (01 M) at the pH of the caecum. All samples were 
centrifuged at 12000 g for 15 min. The fermentation metabolites were assayed in the 
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supernatant fractions. NH, (Dropsy & Boy, 1961) and urea (Marsh et al. 1965) were 
assayed in a Technicon autoanalyser. Uric acid was measured by the uricase (EC 1 .7.3.3) 
method using a kit (Boehringer, Mannheim, Germany). SCFA were determined after water 
extraction using gas chromatography (Ottensheim & Bartley, 1971). Energy in diets and 
freeze-dried faeces was assayed in a Gallenkamp calorimeter. 

Analysis of blood and pancreas 
Pancreases were homogenized in ice-cold distilled water (1 g/7 ml). Their protein content 
and the activities of amylase and elastase were measured as published elsewhere 
(Lhoste et al. 1993). The activity of lipase was assayed by measuring the decrease in 
turbidity of a solution of trioleine in U.V. light using a kit (Boehringer, Mannheim). The 
activity of chymotrypsin was measured after a 1-2 h trypsin activation in 
0 1 M-Tris(hydroxymethy1)amino methane ((Trk)-Cl), 0.2 M-CaCl,, pH 7.9, at 4" (Bieth 
et al. 1968) and that of trypsin was assayed after a 24 h enterokinase (EC 3.4.21.9) 
activation in 5 mM-(Tris)-Cl, 40 mM-NaC1, 20 mM-CaCl,, pH 9, at 4" (Bieth et al. 1966). 
The activity of carboxypeptidase A (EC 3.4.17.1) was determined after an activation by 
pancreatic trypsin at 37" for 1-2 h in 5 mM-(Tris)-Cl, 40 mM-NaC1,20 mM-CaCl,m, pH 7.9 
(Yamasaki et al. 1963). 

CCK was assayed in the plasma by radioimmunoassay as published previously (Cuber 
et al. 1989). The antiserum reacted against CCK-8, CCK-33 and CCK-39 with the same 
sensitivity (90 %) and cross-hybridized with gastrin 17-11 (12 %) and non-sulphated CCK- 

Statistical analysis 
Results are expressed as the mean and standard error of the mean (SEM). Experimental 
values were compared by a two-way ANOVA with subsequent Bonferroni test. SCFA were 
only assayed in conventional rats; therefore, they were compared by a one-way ANOVA 
followed by a t test. All statistical analyses were performed with the SAS software package 
(Statistical Analysis Systems Institute Inc., Cary, NC, USA). 

8 (0.06%). 

R E S U L T S  
Body weight, feed intake and apparent digestibility 

During the 3-week experiment, GF and CV rats gained similar amounts of weight although 
the latter ate less. Consequently, the consumption index (feed intake/weight gain) was 
lower in GF than CV rats (P = 0.0045) (Table 2). 

During the 1-week balance study the energy and N digestibilities ((amount in feed 
ingested - amount in faeces)/amount in feed ingested) were significantly linked to the 
bacterial status of rats (P = 0.0062 and P = 0.0014 respectively). None of these variables 
was influenced by the protein level of the diet. The energy digestibility was significantly 
different between P22 GF and CV rats and the N digestibility was significantly different 
between P45 GF and CV rats (Table 2). 

Fermentation in the caecum 
The pH and the concentrations of NH, (P = O*OOOl) and urea (P = 0.0209) in the caecal 
contents were significantly affected both by the bacterial status of the rats and by the diets 
(Table 3). Moreover, there was a strong interaction between the presence of bacteria and 
the protein content of the diet (P = 0.0001 for pH, 0.0002 for NH, and 0.0445 for urea). 
In GF  rats the caecal pH was lower and the urea concentration was higher after the P45 
than after the P22 diet (P < 0.05, respectively 0-9- and 1-6-fold) whereas in CV rats these 
variables were not modified by the diets. The concentrations of uric acid and NH, followed 
the same pattern but the differences were not statistically significant. In CV rats the NH, 
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Fig 1. Effects of diets containing 220 (P22) or 450 (P45) g protein/kg on the specific activities of pancreatic 
enzymes in germ-free (GF; n 12) and conventional (CV; n 10) rats. The specific activity is the ratio of the total 
pancreas content of one specific enzyme to the protein content of the pancreas. Values are means with their 
standard errors represented by vertical bars. (e), GF P22; (a), GF P45; (m), CV P22; (a), CV P45. Values for 
groups linked by horizontal lines were significantly different, P < 0.05. For details of diets and procedures, see 
Table 1 and pp. 434436. 

concentration significantly increased 2-fold after the P45 diet (P < 0.05) and it was sixteen 
times higher than in their GF counterparts. Other variables were not altered. 

In CV rats the weights of caecal contents were not different (4.86 (SE 0.3) g in P22 and 
4.48 (SE 0.20) g in P45). The SCFA concentration (Table 3) and total caecal content (results 
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not shown) were not altered by the protein intake. The proportions of isobutyric, isovaleric 
and valeric acids increased respectively 1.7, 1.7 and 15fold in P45 v. P22 diets (P  < 0-01 ; 
the isobutyric : isovaleric: valeric acid ratio was 0-74: 1.79 : 0.76 in the P22 group). The 
profile of other SCFA was not modified (the acetate : propionate : butyrate ratio was 
69: 15: 14). 

Plasma cholecystokinin level, pancreas weight and protein content 
The plasma CCK was not influenced by the rat bacterial status or by the diet. The pancreas 
weight was unaffected by any treatment. The protein content of the pancreas was higher in 
GF than in CV rats ( P  = 00023) (Table 4). 

Pancreatic enzyme contents 
The variations in total enzyme content are reported in Table 4 while the specific activities 
of the enzymes are illustrated in Fig. 1. The specific activity is the ratio of the pancreas total 
content of one specific enzyme to the protein content. It reflects the relative modulation of 
the biosynthesis of each enzyme independent of a possible hypertrophy of the gland. 

The specific activities of amylase and trypsin were influenced by the bacterial status of 
the rats and by the diets they consumed (P = 0.0001). The pancreatic contents of amylase 
and trypsin were affected by the diet ( P  = O*OOl) but not by the bacterial status. In the GF 
P22 rats they represented respectively 0.6- and 0.7-fold those of CV rats fed on the same 
diet ( P  < 0.05). When GF or CV rats ingested the P45 diet the amylase specific activity and 
its total pancreatic content decreased (0.5-fold, P < 0-05) while those of trypsin increased 

The specific activity of chymotrypsin was influenced both by the bacterial status and by 
the diet ( P  = 0.0012 and P = 0.0001 respectively), and we noticed a significant interaction 
between both criteria ( P  < 0.0006). The specific activity was identical in GF P22 and CV 
P22 rats. When rats ingested the P45 diet the chymotrypsin specific activity increased 2-fold 
in GF and l.5-fold in CV rats ( P  < 005). The total content of the gland followed the same 
pattern. 

The specific activity of elastase was not affected by either factor. The total content of this 
enzyme was modified by the diet ( P  = 0.0031) and the bacterial status ( P  = 0.0058). The 
content was identical in GF P22, CV P22 and CV P45 rats. When GF rats ingested the P45 
diet, it increased 1.5-fold ( P  < 0.05). 

The specific activity of carboxypeptidase A was only influenced by the bacterial status of 
the rats ( P  = 00001). In the GF P22 rats it represented 0.5-fold that of CV rats fed on the 
same diet (P < 0-05). When GF or CV rats ingested the P45 diet, it was not changed. The 
total content of the pancreas was not altered by the diets or the bacterial status. 

The specific activity and total content of lipase was affected by the diet ( P  = 0.0352 and 
P = 0.0008 respectively) but not by the bacterial status. Its specific activity was only 
increased in CV rats fed on the P45 diet compared with the P22 diet (1.3-fold, P < 0.05). 

1.7-foId (P < 005). 

DISCUSSION 

There is little information on the importance of the caecal microflora to the general N 
metabolism of the host. The present findings suggest that the bacterial flora promotes the 
digestion of non-readily available proteins (such as fish or soyabean) while other studies 
have shown that a more digestible protein (such as casein) is digested and absorbed less 
efficiently in the small intestine of GF rats. Indeed, the rats’ growth was not impaired while 
the consumption index was lower in GF than in CV rats fed on our diet. Since GF rats ate 
less and their energy and N digestibilities were lower than in CV rats they may have had 
a better retention of absorbed N. When fed on a 100 g casein/kg diet, both GF and CV rats 
consumed the same amount of feed, but the latter gained more weight suggesting that 
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casein was absorbed less efficiently in the small intestine by GF  than CV rats (Coates, 1973; 
Lin & Visek, 1991). 

Comparison between GF and CV rats showed a regulating action of the caecal microflora. 
In GF rats the caecal pH decreased and the caecal contents of NH, and urea increased with 
the P45 diet, while in CV rats only NH, was increased. Such a difference has been observed 
previously between G F  and CV rats fed on a semi-purified diet containing various amounts 
of casein (Demigne & Remesy, 1979; Lupton & Marchand, 1989; Lin & Visek, 1991). The 
urea content was not altered in CV rats since, in mammals, bacterial ureases prevent the 
accumulation of urea in the caecum by hydrolysis of urea into NH, (Levenson et al. 1959). 
As demonstrated earlier (Coates, 1968), urea is the end-product of amino acid catabolism 
in the absence of micro-organisms and is increased with the amount of dietary protein. 
Although the total weight of the caecal content was not measured in the present study we 
have observed repeatedly that the caecum of GF  rats is much enlarged and has a content 
two to three times higher than that of CV rats whatever the diet (Dufour, 1989 and 
unpublished results). In the light of these results, the total amount of NH, in the caecum 
is still much higher in the CV rats while that of urea is identical. 

The differences observed between CV and GF rats may reflect an important proteolytic 
activity of the caecal microflora. When CV rats were fed on a high-protein diet the 
isobutyric, isovaleric and valeric acids, which are end-products of protein digestion, were 
increased while other SCFA were not modified. SCFA were only present in the caecums of 
CV rats since they are produced by the caecal microflora (Mesh et al. 1993). End-products 
of protein metabolism include substances such as amines, phenols and indoles, some of 
which, like NH,, are involved in large bowel disease (Levenson et al. 1959; Visek, 1978; 
McBurney et al. 1987). 

The most original finding of the present study was the importance of the caecal 
microflora to the function of the pancreas. The protein content of the pancreas was higher 
in GF  than in CV rats. This suggests that the pancreas was slightly hypertrophic. However, 
the difference was very modest and probably not relevant. Furthermore, the weight of the 
pancreas and its DNA content (results not shown) were not affected by the bacterial status. 

The bacterial status altered preferentially the exocrine pancreatic function. The specific 
activity (Unit/mg protein content) only indicates the relative variation of a specific enzyme 
regardless of the global effect on protein content. The specific activities of amylase, trypsin 
and carboxypeptidase A were lower in GF than CV rats. In G F  rats fed on a standard diet 
the structure of dietary nutrients is probably of great importance in the influence of the 
caecal microflora on pancreas function. Other authors (Lepkovsky et al. 1966; Reddy et al. 
1969) did not demonstrate any modification of pancreatic enzyme activities in rats fed with 
semi-purified diets containing casein, whatever the bacterial status. We suggest that these 
products hydrolysed in the proximal intestine did not produce bacterial metabolites which, 
directly or indirectly, might impair pancreatic enzyme biosynthesis. In the CV groups the 
protein content of the diet induced an adaptation of the synthesis of pancreatic enzymes. 
This is a common feature (Corring et al. 1989; Brannon, 1990). We showed that in GF rats 
the pancreas also adapts to the dietary composition. Furthermore, the activity of 
chymotrypsinogen is even higher in GF rats. Therefore, the caecal microflora is not 
involved in the adaptation of the pancreas to high-protein diets. The increase in lipase 
activity induced by the P45 diet was only present in CV rats, suggesting the involvement 
of caecal microflora. 

How could the caecal microflora act on the pancreas? Since the plasma level of CCK, a 
major regulatory peptide of the function of exocrine pancreas, was not altered in GF  rats, 
this peptide may not be involved. As the secretion of insulin was delayed and decreased in 
GF  rats, the exogenous pancreas may be influenced through its endocrine part (Wiech et 
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al. 1967). The plasma levels of enteroglucagon, the pancreatic polypeptide and gastrin were 
lower in GF than in CV rats (Goodlad et al. 1989). Such peptides stimulate the biosynthesis 
of pancreatic enzymes and therefore may be intermediate in the action of the caecal 
microflora on the pancreatic function. The caecal microflora may also affect the pancreas 
via its metabolites. In fact, SCFA can stimulate amylase release from the rat pancreas 
directly (Ohbo et al. 1989). However, intracaecal administration of SCFA for 1 week did 
not alter the pancreas of conventional rats (E. F. Lhoste and I. Schmidt, unpublished 
results). This hypothesis is taken into account in gnotobiotic studies now in progress in our 
laboratory. 

The authors thank Joel Galle for preparing the figures and Martine Delaire, Rosa Durao, 
and Sandra Letort for their careful technical assistance. 
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