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Summary. The digestive physiology of the germ-free animal has a number of characte-
ristics (cecal hypertrophy, slower small intestine cell renewal, slower gastric emptying and
intestinal transit) which distinguish it from that of the conventional animal. If the germ-free
model is to be used to determine the role of gastrointestinal microfiora in the nutrition of the
conventional animal, it is essential to complete the study of these characteristics by data on
digestive enzymes in the germ-free. The present paper analyzes these data.

There is little information on salivary amylase and none on gastric proteolytic enzymes
and intestinal peptidases. More complete data on exocrine pancreas enzymes and intestinal
disaccharidases show that the digestive equipment is similar in germ-free and conventional
animals. Bile salts, not considered as digestive enzymes, are qualitatively and quantitatively
different, depending on the digestive tract bacterial environment,

In general, the germ-free animal has some characteristics which should permit better
utilization of the diet ingested. Measurements of apparent digestibility do not confirm this
hypothesis since results obtained in germ-free and conventional animals of the same species
are contradictory.

The germ-free animal is certainly a very useful tool for studying the role of
gastrointesiinal microflora in the nutrition of its host. The large intestine contains the
largest bacterial population (1 to 3.10'° bacteria/g fresh contents) and the greatest
number of microbial species in the gut (Ducluzeav and Raibaud, 1975 ; Schaedler,
1973). In some cases, bacteria may efficiently infervene in the digestive utilization of
the diet ingested by the animal (Rérat, 1978).

However, a number of experiments in the germ-free animal have shown that it
cannot be considered simply as a conventional animal, deprived of gastrointestinal
microflora, since certain characteristics of its digestive physiology distinguish it
from the conventional animal (see reviews by Gordon ef al., 1966 ; Combe et al., 1976).
A knowledge of these characteristics is essential when determining the part due to
bacteria in the digestion of an ingested diet.

The germ-free state in rodents and lagormorphs leads to a substantial increase
in cecal sac contents and size (Glimstedt, 1936 ; Wostmann and Bruckner-Kardoss,
1959 ; Wostmann, Bruckner-Kardoss and Knight, 1968 ; Pleasants, 1959). The same
observation was made in the rat (Lee and Moinuddin, 1958), mouse (Meynell, 1963)
and guinea-pig (Jervis and Biggers, 1964) after antibiotic treatment.



356 T. CORRING et al.

The morphology of the small intestine in the germ-free rat (Gordon and Wost-
mann, 1960), guinea-pig (Sprinz et al., 1961) and chicken (Thorbecke et al., 1957) differs
by a lower weight, a smoother mucosa and a smaller reticulo-endothelial cell popu-
lation. The small intestine mucosal surface area of the germ-free ratis on an average
30 p. 100 lower than that of the conventional animal ; this reduction is marked in the
mid and lower parts of the small intestine and relatively slight in the upper segments
(Gordon and Bruckner-Kardoss, 1961). But, according to Meslin (1971), the mucosal
surface area of the proximal intestine is larger and that of the distal part more reduced
in the germ-free than in the conventional rat. After deduction of cecal content weight,
there was no difference between germ-free and conventional rats when considering
the total surface of the intestinal mucosa relative to body weight (Meslin, Sacquet
and Guenet, 1973).

Some differences between germ-free and conventional states were also empha-
sized in the epithelial renewal rate of the small intestine. The transit time of cells
moving from the crypts to the villus tips is twice as long in the ileum of the germ-free
mouse as in that of its conventional counterpart and depends on cell production which,
in turn, is related to the number of cells in the proliferative pool and the duration of
the generative cycle (Abrams, Bauer and Sprinz, 1963). The generative cycle time for
duodenal crypt cells is longer in the germ-free than in the conventional mouse
(13.6 h vs 11.2 h) ; in the former, the generation rate of proliferative cells is reduced
by 20 p. 100 and the size of the proliferative cell population is decreased by about
37 p. 100 (Lesher, Walburg and Sacher, 1964).

The transit rate of the intestinal cells in the germ-free rat is reduced by about
30 p. 100 and the mitotic index of the Lieberkiihn crypts is lower (Guenet ef al., 1970).
In the chicken, the rate of epithelial cell migration is lower in the germ-free than in the
conventional state, but the relative differences are greater in the lower than in the
upper intestine (Rolls, Turvey and Coates, 1978).

Gastric emptying and small intestinal transit of the ingested food were found to
be slower in the germ-free than in the conventional state. Six hours after a labelled
test-meal, the cecum of the germ-free mouse retained a greater percentage of radioac-
tivity than the cecum of the conventional animal, and the passage of the marker into
the feces was slower (Abrams and Bishop, 1967). Gastrointestinal transit was also
slower in the germ-free than in the conventional rat (Sacquet, Garnier and Raibaud,
1970 ; Riottot et al., 1980), and tended to be longer in germ-free rats fed irradiated
diets than in those fed autoclaved diets (Riottot et al., 1980).

The aim of the present review is to complete our knowledge of the characteristics
of germ-free animal digestive physiology by analyzing data on digestive enzymes.
These enzymes (proteolytic enzymes acting on proteins, glycolytic enzymes on carbo-
hydrates and lipolytic enzymes on lipids) will be discussed in order according to the
nature of the dietary substrate they hydrolyze.

Proteolytic enzymes

The first step in the enzymatic hydrolysis of dietary proteins occurs in the gastric
lumen under the action of pepsins and HCI (Seijffers, Segal and Miller, 1963). Hydro-
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lysis then continues in the intestine where proteins and peptides from gastric hydrolysis
are submitted to the action of pancreatic proteolytic enzymes and intestinal peptidases
(Gray and Cooper, 1971 ; Heizer, Kerley and Isselbacher, 1972).

Gastric enzymes. — Proteolytic enzyme hydrolysis in the stomach is mainly per-
formed by the pepsins secreted in an inactive form (pepsinogens) and activated by
HCI. To our knowledge, no data are available on pepsinogen biosynthesis and secre-
tion in germ-free animals. Rozé ef al. (1977) reported that basic HCI secretion was
higher (X 2.7) in the germ-free than in the conventional rat and that basal gastrine-
mia in these animals was not different.

The stomach of the germ-free guinea-pig has the same aspect as that of the con-
ventional animal (Philips, Wolfe and Gordon, 1959), and there is no histological dif-
ference in the gastric mucosae of germ-free and conventional mice (Savage, Schae-
dler and Dubos, 1967). However, these results were obfained in experiments dealing
with a microscopic study of gland anatomy, and they do not provide any information
on the cellular aspect in either environment.

Pancreatic enzymes. — Pancreatic proteolytic enzymes (chymotrypsinogen, tryp-
sinogen, procarboxypeptidases A and B, proelastase) are secreted, in a inactive form,
by the exocrine pancreatic cells and are activated in the intestinal lumen by entero-
kinase, an intestinal enzyme.

The tissue levels of chymotrypsinogen and trypsmogen appear to be similar in
both germ-free and conventional states (table 1) in the chicken (Coates, Hewitt and
Golob, 1970) and the rat (Lepkovsky ef al., 1966 ; Reddy, Pleasants and Wostmann,
1969).

TABLE 1

Proteolytic acnvmes in the pancreas and in small infestine contenis of germ-free (GF)
and conventional (CV) animals

Small intestine

Species Pancreas Reference
contents
GF cv GF cv

Protease chicken ............. — — 1.43 1.73 1
rat ..o 6.21 476 1.79 1.96 2

Trypsin chicken (&) .......... — — 74.5 80 1
chicken (@) .......... 18.2 16.6 — — 3
rat (...l 78 79.6 78.3 74.8 2
rat (9)......... e 720 749 308 205 4
rabbit............... — — 219.2 198.2 S

Chymotrypsin rat ... 896 913 480 246 4
rabbit............ ... — — 160.2 100 S

1. Lepkovsky et al. (1964), meq tyrosine released in 10 min/g dry solids. () In percentage of total
proteolytic activity.

2. Lepkovsky et al. (1966), idem.

3. Coafes, Hewitt and Golob (1970), change in 1.0 optical density/min.

4. Reddy, Pleasants and Wostmann (1969), trypsin : wmoles TAME and chymotrypsin : pmoles
BTEE, hydrolyzed/min and/100 g body weight (pancreas) or/g intestine contents.

5. Malis ef al. (1976), ug trypsin and g chymotrypsin/g intestine contents.
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In addition, there is no difference between the germ-free and conventional chicken
(Lepkovsky et al., 1964) and rat (Lepkovsky et al., 1966 ; Reddy, Pleasants and Wost-
mann, 1969 ; Genell, Gustafsson and Ohlsson, 1976) as regards pancreatic proteolytic
activity in the small intestine contents (table 1). According to Malis ef al. (1974, 1976),
chymotrypsin activity is higher in the ileal contents of the germ-free than of the conven-
tional rabbit (table 1).

According to Borgstrom et al. (1959) and Loesche (1968), pancreatic proteolytic
enzymes are largely inactivated by the intestinal microflora in the distal part of the
digestive tract. The concentrations of pancreatic proteases are lower in the cecal con-
tents of the conventional chicken (Lepkovsky et al., 1964), rat (Loesche, 1968 ; Reddy,
Pleasants and Wostmann, 1969), mouse (Loesche, 1968) and rabbit (Malis et al., 1974,
1976) than in those of their germ-free counterparts (table 2). Chymotrypsin and elas-
tase activities appear to be more sensitive to bacterial inactivation than is trypsin
activity (Malis et al., 1976 ; Genell, Gustafsson and Ohlsson, 1976).

TABLE 2

Proteolytic activities in the cecum contenis and feces of germ-free (GF)
and conventional (CV) animals

Species Cecum contents Feces Reference
GF cv GF Cv
Protease chicken .................. 1.48 0.23 —_ - 1
rab oo 1.15 0.77 - — 2
Trypsin chicken (@) ................ 80 62.5 —_ — 1
< — —_ 16 0 6
80.9 76.1 _ - 2
75.2 5.1 —_ - 7
298 18.1 — - 4
210.6 158.3 - — 5
64.1 1.5 — - 7
Chymotrypsin 133 8.53 —_ - 4
55.8 1.6 - — 7
118.2 85.2 —_ - 5
MOUSE ...ivrvnnnnnnnnnn. 25.2 1.5 — - 7

1,2,3,4and 5, seetable 1.

6. Borgstrém et al. (1959), mg trypsin.

7. Loesche (1968), trypsin and chymotrypsin spectrophotometrically determined after hydrolysis
of BAEE and ATEE, respectively, and compared to standard amounts of trypsin and chymotrypsin.

Moreover, data obtained by Genell, Gustafsson and Ohlsson (1976) do not indicate
any enzyme reabsorption in the large intestine of the germ-free animal since both
trypsin and elastase appeared in the feces in the same concentrations as in the cecal
contents.

The absence of microflora in the rat does not cause any modifications in pancrea-
tic weight or histological structure (Reddy, Pleasants and Wostmann, 1969). The
atrophy and fibrotic changes observed in the germ-free rat by Geever, Daft and Leven-
son (1965) might be explained by the presence of tween 80 and deficiency or lack of
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selenium and chromium in the diet used by the authors (Reddy, Pleasants and Wost-
mann, 1969). In addition, the trypsic inhibitor in the diet induced the same pancreatic
weight increase in the chicken (Coates, Hewitt and Golob, 1970) and the rat (Kwong
et al., 1971), whatever the bacterial environment. To our knowledge, no data are
available on intestinal peptidases in the germ-free animal.

Glycolytic enzymes

Dietary carbohydrates are hydrolyzed by salivary and mainly pancreatic amy-
lases ; in the intestinal mucosa, they are hydrolyzed by disaccharidases. It must be
recalled that there is no cellulase in the intestine of germ-free animals, this enzyme
being of bacterial origin.

Salivary amylase. — Data on this enzyme are scarce. Szylit (1973) and lvorec-
Szylit, Raibaud and Schellenberg (1973) showed the existence of an amylase in the crop
of germ-free fowl. The action of the enzyme may be understood by some studies sho-
wing that heated starches are completely degraded in the germ-free animal before
reaching the duodenum (chicken : Masson, 1954 ; Bewa, Charlet-Lery and Szylit,
1979 ; other monogastric species : Baker ef al., 1950).

Pancreatic amylase. — There is no difference in the level of pancreatic tissue amy-
lase activity (table 3) in germ-free and conventional rats (Lepkovsky et al., 1966 ;
Reddy, Pleasants and Wostmann, 1969) and chickens (Coates, Hewitt and Golob,
1970). According to Reddy, Pleasants and Wostmann (1969) studying the rat, Lepkovsky
et al. (1964) the chicken, and Yoshida ef al. (1968) the rabbit, pancreatic amylase is
partially inactivated in the distal part of the digestive tract in the conventional animal
(table 3). On the contrary, Lepkovsky ef al. (1966) found a higher enzyme activily in

TABLE 3

Amylase activily in the pancreas, small intestine, cecum contents
and feces of germ-free (GF) and conventional (CV) animals

Small intestine

Species Pancreas Cecum confents Feces Reference
contents
GF cv GF - CV GF cv GF cv
Rat .... — — — — — — 100-160 40-100 1
Rat .... 630 567 119 113 2.2 9.7 — — 3
Rat .... 1374 1545 616 333 709 24 — — 4
Chicken. — — 90 104 9.0 4.5 — — 2
Chicken. 280 281 — — — — — — 5
Rabbit .. — — 8.37 7.37 2.55 0.60 — — 6

1. Borgstrom et al. (1959), mg maltose released in 3 min.

2. Lepkovsky et al. (1964), mg starch hydrolyzed in 15 min > 10%/g dry solids.

3. Lepkovsky et al. (1966), idem.

4. Reddy, Pleasants and Wostmann (1969), wmoles > 103 maltose released/mln/100 g body weight
(pancreas) or/g contents.

5. Coates, Hewitt and Golob (1970), g starch hydrolyzed/h.

6. Yoshida ef al. (1968), pumoles maltose released/30 min/mg protein.
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the distal part of the intestine of the conventional rat, whereas Borgstrém et al. (1959)
showed no difference between the fecal amylase activities of germ-free and conven-
tional rats.

Intestinal disaccharidases. — The hydrolytic products, resulting from amylase
action on dietary carbohydrates, are submitted to the action of different disacchari-
dases distributed along the small intestine. The disaccharidase distribution pattern
is similar in germ-free and conventional rats (Dahlqvist, 1963 ; Dahlqvist and Thom-
son, 1964 ; Reddy and Wostmann, 1966), chickens (Siddons, 1969) and rabbits (Malis
et al., 1974). In addition, age changes in disaccharidase activities and the effect of
diet on these activities are not influenced by the bacterial environment. Thus, the
decrease in lactase and cellobiase and the increase in maltase, invertase and trehalase
at weaning are similar in germ-free and conventional rats (Reddy and Wostmann,
1966). The microflora does not change disaccharidase adaptation to the dietary
substrate in the rat (Reddy, Pleasants and Wostmann, 1968), and a mash diet, compared
to a liquid diet, leads to the same stimulation of enzyme activities in both germ-free
and conventional chickens, taking into account the different weight profile of the germ-
free animal (Siddons and Coates, 1972). The reduction of sucrase, maltase and lactase
activities in the germ-free rat after 48-hr starvation is similar to that observed in the
gnotobiotic animal (Ecknauer and Raffler, 1978). Moreover, Larner and Gillepsie
(1957) and Reddy and Wostmann (1966) showed that enzyme biosynthesis is not
affected by intestinal bacteria.

TABLE 4

Disaccharidase activifies in the small intestine of germ-free (GF)
and conventional (CV) animals

Enzyme Species GF Ccv Reference
Maltase rat .. 24.1 9.6 1
chicken (@).............. 83.6 88.4 2
rabbit ................. 357 16.4 3
Sucrase o | PPN 3.2 1.32 1
chicken (#).............. 15.6 16.9 2
rabbit ................. 9.5 4.8 3
Trehalase 1 5.1 1.7 1
rabbit ................. 6.6 27 3
Cellobiase rat oo 0.37 0.10 1
rabbit ................. 0.22 0.07 3
Palatinase chicken (#).............. 33 3.6 2
Lactase rat ... 1.2 0.31 1
chicken (%).............. 0.16 0.21 2
rabbit ........... ..., 0.46 0.19 3

1. Reddy and Wostmann (1966), nmoles of disaccharide hydrolyzed/mg protein/60 min.

2. Siddons and Coates (1972), umoles of disaccharide hydrolyzed/60 min. (2) Total activity/body
weight.

3. Yoshida ef al. (1968), umoles of disaccharide hydrolyzed/mg protein/60 min.

The data on each of the enzyme activities in both germ-free and conventional
states are contradictory. Maltase, sucrase, palatinase and lactase activities are similar
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in germ-free and conventional chickens (Siddons, 1969 ; Siddons and Coates, 1972)
(table 4) ; about 97 p. 100 or more of this activity can be recorded in the intestinal wall.
The germ-free rat exhibits the same glucosidase, maltase and sucrase activities as its
conventional counterpart (Larner and Gillepsie, 1957 ; Dahlqvist, Bull and Gustafsson,
1965). In contrast, maltase, sucrase, trehalase, cellobiase and lactase activities are
higher in the germ-free rat after weaning (table 4) (Reddy and Wostmann, 1966 ;
Kawai and Morotomi, 1978). In the same species, Dahlqvist, Bull and Gustafsson (1965)
only found higher activities for lactase and cellobiase in the germ-free animal. Accor-
ding to Yoshida et al. (1968), maltase, sucrase, trehalase, lactase and cellobiase
activities are higher in the small intestine mucosa of the germ-free than of the conven-
tional rabbit (table 4). Maltase, sucrase and lactase activities are higher in the small
intestine mucosa of the germ-free rat, whereas trehalase and cellobiase activities are
the same as in the conventional animal (Reddy and Wostmann, 1966). According to
the latter authors, the lower enzyme activity in conventional animals might be explain-
ed in two ways, if one considers that disaccharidases are located intracellularly and
that their action cannot be exerted in the intestinal contents (Dahlqvist and Borgstrém,
1961). On the one hand, enzymes would be partially inactivated inside the mucosal cell
by the bacterial products which enter the cell wall. On the other hand, the higher
enzyme activity in the germ-free animal would reflect a more advanced mucosal cell
maturity and thus a more elevated enzyme level. But this eventuality is not known in
all species.

The desquamated cells lead to disaccharidase activity in the intestinal contents,
and the question is to determine whether the number of these cells depends on the
bacterial environment. According to Meslin, Sacquet and Raibaud (1974), the produc-
tion of epithelial cells by cell column is the same in the duodenum and jejunum of
germ-free and conventional rats but higher in the ileum of the conventional animals.
Different authors agree that the enzyme level in the distal part of the digestive tract
of the germ-free animal is higher due fo bacterial inactivation of the enzymes in the
conventional animal (Borgstrom ef al., 1959 ; Dahlqvist, Bull and Gustafsson, 1965 ;
Reddy and Wostmann, 1966 ; Kawai and Morotomi, 1978).

Lipolytic enzymes

Lipids are mainly hydrolyzed in the intestinal lumen through the action of pan-
creatic lipase. Lipolysis needs the presence of bile salts and colipase. The latter was
only found recently (Maylie et al., 1971) and, while a few data are -available on the
conventional animal, they are completely lacking on the germ-free.

Pancreatic lipase. — There is no difference between the pancreatic tissue lipase
levels in germ-free and conventional rats (Lepkovsky et al., 1966 ; Reddy, Pleasants
and Wostmann, 1969) (table 5). In the small intestine contents of the rat, the same:
authors showed that lipase activity is not modified by the bacterial environment. In
the cecum and colon of the rat, Reddy, Pleasants and Wostmann (1969) have reported
that enzyme activity is significantly higher in the germ-free animal ; this disagrees
with the results of Lepkovsky et al. (1966) in the rat and of Lepkovsky et al. (1964) in the
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chicken, showing no difference in the distal part of the digestive tract, whatever the
bacterial environment (table 5).
TABLE 5

Lipase activity in the pancreas, small intestine and cecum contents of germ-free (GF)
and conventional (CV) animals

Species Pancreas Small intestine contents Cecum contents Reference
GF CV GF cv GF cv
Chicken ....... — — 3.98 4.40 1.64 2.51 1
Rat ........... 257 259 14.6 17.3 5.1 5.7 2
Rat ........... 493 599 159 143 55.2 241 3

1. Lepkovsky et al. (1964), meq. of fatty acids released in 20 min/g of dry solids.

2. Lepkovsky et al. (1966), idem.

3. Reddy, Pleasants and Wostmann (1969), micromoles of fatty acids released per min/100 g body
weight (pancreas) or/g contents.

According to Reddy, Pleasants and Wostmann (1969), the stability of pancreatic
lipase is intermediate between that of pancreatic proteases and pancreatic amylase.

Bile salts. — The greatest number of studies in the germ-free animal concern bile
and bile salts. In conventional animals, bile acids are excreted in a conjugated form
in the intestinal lumen where they are submitted to microflora action. Bacterial hydro-
lases can split the bond between bile acid and taurine or glycine (Aries and Hill,
19700a) and bacterial dehydrogenases can either form ketones or reduce ketones to
alcohols (Aries and Hill, 1970b). Cholic acid is transformed into deoxycholic acid
and chenodeoxycholic acid into lithocholic acid under the action of bacterial 7x-dehy-
droxylase (Aries and Hill, 1970b). This 7«-dehydroxylase does not act on conjugated
bile salts or on their methyl esters (Aries and Hill, 1970b). Some bacteria can form a
Sa-cholanic acid from bile acids with a ketone function in position 3 after induction of
a double bond in position 4 (Aries and Hill, 1970c). Bile acids are reabsorbed via
passive diffusion in all regions of the intestine and via active absorption in the ileum
(Schiff, Small and Dietschy, 1972).

The absence of microflora in the germ-free leads to reabsorption of essentially
primary bile salts, i.e. salts which have not been modified. In addition, the bile salt
composition of the secreted bile is simpler than that of the conventional animal (Sac-
quet, 1971 ; Demarne, Sacquet and Garnier, 1972). In the germ-free rabbit (Hofmann,
Mosbach and Sweeley, 1964), 95 p. 100 of the bile salts are constituted of cholic acid,
whereas in its conventional counterpart, 95 p. 100 contain deoxycholic acid, reflecting
the absence in the rabbit liver of any enzyme responsible for rehydroxylation of
deoxycholic acid in position 7. In the germ-free rat, about 98 p. 100 of the bile salts in
the bile are cholic and $-muricholic acids (Wostmann, 1973), and hyodeoxycholic,
deoxycholic and lithocholic acids are absent in that secretion (Demarne, Sacquet and
Garnier, 1972). The conventional rat, fed raw potato starch or lactose, secreted bile
acids qualitatively similar to those found in the germ-free animal, indicating that very
little microbial dehydroxylation occurred with some diets (Kellogg, 1971).
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TABLE 6

Bile acids in small and large intestine and fecal excretion in germ-free (GF)
and conventional (CV) animals

Species ) qull Bladqer apd Cecu.m an_d Fecul' Reference
intestine small intestine large intestine excretion
GF Ccv GF cv GF Ccv GF CV
Rat ... — — — — — — 113 214 1
Rat ... 100.8 54.6 — — 63 29.7 252 314 2
Mouse. — — 211.3 115 30.3 124 293 41.2 3

1. Kellogg and Wostmann (1969a), mg/kg body weight.
2. Sacquet et al. (1975), umoles.
3. Eyssen, Parmentier and Mertens (1976), mg/kg body weight.

The bile acid pool is larger and fecal bile acid excretion is lower in the germ-free
rat (Kellogg and Wostmann, 1969a ; Kellogg, 1971 ; Sacquet et al., 1975) and the
germ-free mouse (Eyssen, Parmentier and Mertens, 1976) (table 6). In the germ-free
rat harbouring bacteria that reduce cecal distension but do not metabolize bile acids,
the values of the intestinal pool and of fecal bile acid excretion are located between
those of germ-free and conventional animals (Sacquet et al., 1976). According to
Wostmann et al. (1976), the addition of lactose to the diet results in different bile salt
compositions in germ-free and conventional rats ; bile acid metabolism is not affected,
contrary to data reported by Sacquet, Leprince and Riottot (1979). In addition, the
latter authors and Riottot ef al. (1980) showed that the intestinal pool and fecal bile
acid excretion mainly depend on small intestine transit time which is longer in the
germ-free than in the conventional rat.

In the germ-free state, a higher intestinal bile acid pool would determine a greater
bile acid flow through the liver, leading to a decrease in biosynthesis mediated by a
feedback mechanism (Sacquet, Leprince and Riottot, 1979). Moreover, the more active
enterohepatic circulation of bile salts in the germ-free animal leads to a decrease in the
catabolism of hepatic cholesterol (Kellogg, 1971 ; Wostmann, 1973). Liver cholesterol
concentrations are three times higher in the germ-free rat fed a purified diet containing
0.5 p. 100 cholesterol than in the conventional animal (Kellogg and Wostmann,
1969b).

According to Einarsson, Gustafsson and Gustafsson (1973), 7a-hydroxylase acti-
vity is higher in the conventional state, and the effect of bacteria may be partly mediated
via increased cholesterol 7a-hydroxylation in the liver since the activity of this enzyme
is supposed to be the rate-limiting step in the conversion of cholesterol into bile acids
(Danielssson, Einarsson and Johansson, 1967). However, the data obtained by Ukai,
Tomura and lto (1976), showing enlarged pools of both cholesterol and bile acids in
the enterohepatic circulation of the germ-free rat, suggest that the decrease in hepatic
cholesterol catabolism might be due to slower total metabolism in the germ-free ani-
mal.
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Other intestinal enzymes

No difference was found between germ-free and conventional rats as to the pat-
terns of hexokinase, glucose-6-phosphatase, pyruvate kinase and lactate dehydroge-
nase distribution along the gastrointestinal tract (Kawai and Morotomi, 1978). Neither
did these authors find any difference in hexokinase or pyruvate kinase activities in
these animals, whereas glucose-6-phosphatase activity in the whole digestive tract and
lactate dehydrogenase activity in the cecum were higher in the germ-free rats.

Histochemical studies in the mouse do not show any significant differences bet-
ween germ-free, monocontaminated and conventional animals as to the duodenal
and jejunal enzyme activity of NAD and NADP succinic dehydrogenase and esterase
(Herskovic et al., 1967). The activity of alkaline-phosphatase and adenosine-triphos-
phatase, which are involved in active intestinal transport systems, is higher in the germ-
free mouse (Jervis and Biggers, 1964) and rat (Reddy, 1971 ; Kawai and Morotomi,
1978) than in their conventional counterparts. Acid phosphatase, involved in local
defense mechanisms, has a lower activity in the germ-free than in the conventional
mouse (Jervis and Biggers, 1964).

Conclusions.

Some general conclusions may be drawn from the above analysis. Firstly, data on
digestive enzymes do not actually provide a complete picture of digestive enzyme
equipment in the germ-free animal. Indeed, information on salivary amylase is
scarce, and we have no data on gastric proteolytic enzymes and intestinal peptidases.

Secondly, taking into account what we know, i.e. pancreatic enzymes and intes-
tinal disaccharidases, it can be concluded that the digestive enzyme equipment of the
germ-free is similar to that described in its conventional counterpart. Even if they are
not directly related to enzymes, the bile salts secreted in bile are qualitatively and
quantitatively different in germ-free and conventional states. Nevertheless, it is not
clear if such differences could affect the process of dietary lipid hydrolysis by pancrea-
tic lipase in the germ-free.

Finally, most authors agree that enzyme activity in the distal part of the digestive
tract is higher in the germ-free than in the conventional animal. In the latter, endoge-
nous enzyme secretions are inactivated by bacteria at that level, indicating the presence
of a greater amount of endogenous matter in the intestinal lumen of the germ-free
animal, as shown by some authors. Combe et al. (1965), Reddy, Pleasants and Wost-
mann (1969), Combe, Arnal and Sacquet (1967) and Loesche (1968) studying the rat,
Loesche (1968) and Whitt and Demoss (1975) the mouse, and Salter and Coates (1971)
the chicken, reported a large accumulation of endogenous proteins and free amino
acids in the germ-free state. The nature of the nitrogen present in the cecum differs in
germ-free and conventional animals. In the former, it is mainly represented by endo-
genous profeins : enzymes, mucoproteins, desquamated cells, more of less long-
chain peptides and free amino acids. In the conventional animal, the cecal nitrogenous
material (dietary residues, microorganisms and lesser amounts of endogenous pro-
teins) is primarily undigested and unabsorbed. The accumulation of nitrogenous mate-
rial and water in the cecum of germ-free animals is in part due to the fact that their
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cecal absorption is inhibited (Combe and Gordon, 1969 ; Loeschke and Gordon,
1970), whereas the excretion of plasma proteins is similar in germ-free and conven-
tional rats. (Levenson, Gruber and Kan, 1969). Accumulation of carbohydrates was
also reported in the cecum of germ-free animals. The cecal contents of germ-free
rats and mice are higher (20 to 200 p. 100) in soluble carbohydrates than those of
conventional animals. The soluble carbohydrate level is 150 p. 100 higher in the fowl
cecum 8 hrs after the beginning of the meal (Szylit, 1971). This cannot be explained by
a decrease in amylase activity in the germ-free, but rather by the fact that starch is
degraded more rapidly when the grains are surrounded by live bacteria (Baker et al.,
1950). Although it is-beyond the scope of this review, a general look atf the processes
of digestion in the germ-free animal is informative. Three main factors are involved :
(i) gastrointestinal transit determining the distribution of dietary substrates in the dif-
ferent parts of the intestine, (ii) gastrointestinal enzymes acting on the dietary substrates
and contributing to the release of products which are submitted to (iii) absorption.
Gastrointestinal transit is slower in germ-free than in conventional animals ; thus, it
can be assumed that intestinal enzyme digestion is more efficient in the germ-free since
enzyme contact with the dietary substrate is more durable and it has been shown
that enzyme activity remains high in the distal gut contents. The absorption of enzyme
hydrolytic products is generally higher in the germ-free than in the conventional ani-
mal. According to Whitt and Demoss (1975), the lower free amino acid concentrations
in the distal part of the germ-free small intestine reflects the greater absorption rate of
those products. The absorption of C-L-methionine is twofold higher in the germ-free
than in the conventional mouse (Herskovic et al., 1967), whereas Riedel, Scharrer and
Losch (1972) showed very little difference in the intestinal absorption of C-leucine
in germ-free and conventional fowl. Xylose absorption is twice as quick in the germ-
free rat and mouse as in their conventional counterparts (Heneghan, 1963). Lipid
absorption depends on the type of fat ingested ; saturated fatty acids, such as palmitic
and stearic acids, are better absorbed in the germ-free than in the conventional rat
(Demarne et al., 1970).

In theory, the germ-free animal possesses a whole set of physiological characte-
ristics allowing a better digestive utilization of the diet ingested. The measurement of
apparent digestibility is a criterion commonly used to estimate the digestive utilization
of the diet. The results obtained on germ-free and conventional animals are contra-
dictory. Apparent nitrogen digestibility may be higher (Yoshida et al., 1968 ; Yama-
naka et al., 1972) or lower (Combe, 1971 ; Corring, Moreau and Ducluzeau, 1979) in
the germ-free than in the conventional animal. Coates, Hewitt and Salter (1973) did
not find any difference in the apparent nitrogen digestibilities of germ-free and conven-
tional chickens. Apparent digestibility of nitrogen-free extract decreases from 80 to
66 p. 100 in the rabbit without flora (Yoshida et al., 1968). In the absence of microflora,
apparent lipid digestibility (Luckey, 1963 ; Yamanaka et al., 1972), particularly that of
long-chain saturated fatty acids (Boyd and Edwards, 1967 ; Demarne et al., 1970, 1972),
is higher. The reasons for such a discrepancy in these results have not been fully
understood. However, it seems likely that the microflora may play a role in the diges-
tive utilization of the diet in the conventional animal. The amounts and types of diges-
tive residues, coming from the small bowel and passing through the ileo-cecal valve
into the distal digestive tract, may vary according to the nature of the dietary compo-
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nents (Rérat, 1978). In the germ-free animal, these residues, augmented by endogenous
secretions, would be found in the feces and thus change the apparent digestibility of
the diel. In the conventional animal, the microflora may reduce apparent nitrogen
digestibility as, for instance, when fecal exogenous nitrogen excretion is low, and
increase that digestibility when the supplies of undigested amino acids are high (Rérat,
1978). The experiments of Corring, Moreau and Ducluzeau (1979) confirm the latter
point. Indeed, in conventional rats, the nitrogen digestibility of a semi-purified diet
is only slightly (but significantly) redvuced by suppression of pancreatic secretion. In
contrast, nitrogen digestibility is definitively decreased by pancreatic deviation in
germ-free rats. It would thus seem that the presence of microflora leads to an improve-
ment of nitrogen digestibility.

Regu en juillet 1980,
Accepté en janvier 1981.

Résumé. L’animal germ-free présente un certain nombre de caractéristiques dans sa
physiologie digestive qui le différencient de son homologue conventionnel : hypertrophie du
cecum, ralentissement du renouvellement cellulaire dans I'intestin gréle, ralentissement de
I’évacuation gastrique et du transit intestinal. Afin de compléter I'étude de ces caractéris-
tiques, essentielle si ’on veut utiliser ’animal germ-free pour préciser le réle de la micro-
flore gastrointestinale dans la nutrition du conventionnel, un ensemble de données relatives
aux enzymes digestives chez le germ-free sont analysées dans cette revue.

Il apparait que les informations sont rares en ce qui concerne 'amylase salivaire et
inexistantes pour ce qui est des enzymes protéolytiques gastriques et des peptidases intesti-
nales. Plus nombreuses en ce qui concerne les enzymes du pancréas exocrine et les disac-
charidases intestinales, elles montrent que I'équipement enzymatique digestif de I’animal
germ-free est semblable & celui de I’animal conventionnel. Les sels biliaires, non considérés
comme enzymes digestives sont, qualitativement et quantitativement différents en fonction
de I’'environnement bactérien du tube digestif.

Si 'on reprend les principaux aspects de la physiologie digestive, ’animal germ-free
présente un certain nombre de caractéristiques qui devraient [ui permetire de mieux utiliser
I'aliment ingéré. Les mesures de digestibilité apparente ne permettent pas de valider cette
hypothése puisque chez une méme espéce les résultats obtenus chez I’animal germ-free et
son homologue conventionnel sont contradictoires.
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