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Summary: The technique of segmental perfusion was applied in vivo to study the release of enzymes from the
mucosa cells under the influence of bile salts. Five brush border membrane enzymes, five cytosolic, one
mitochondrial and two lysosomal enzymes were measured. Spontaneous release (Ringer solution), due to
their superficial localization, was greatest for enteropeptidase and a-glucosidase. 3 and 10 mmol/l sodium
taurocholate, and 0.5 and 3.0 mmol/l chenodeoxycholate were used. Surprisingly, the majority of cytosolic
enzymes was released to a greater extent than membrane enzymes. On the other hand, lysosomal or mito-
chondrial enzymes were low or absent in the perfusion medium, a finding that excludes a serious injury to the
mucosa cells. It must be inferred, therefore, that cytosolic enzymes are regularly externalized during the
digestive process, the glycocalyx perhaps being a common matrix for pancreatic, membrane-associated and
cytosolic enzymes.

Freisetzung von Enzymen aus der Jejunumschleimhaut der Ratte durch Gallensalze

Zusammenfassung: Um die Freisetzung von Enzymen aus den Mucosazellen unter dem Einflu8 von Gallen-
salzen zu untersuchen, wurde die Technik der segmentalen Perfusion angewendet. Es wurden S Biirstensaum-
membranenzyme, 5 cytosolische, 1 miitochondriales und 2 lysosomale Enzyme bestimmt. Die spontane Frei-
setzung (Ringer-Losung) war wegen ihrer oberflichlichen Lokalisierung am stirksten bei Enteropeptidase
und a-Glucosidase. Bei den eingesetzten Gallensalzen handelte es sich um 3 und 10 mmol/l Natriumtauro-
cholat und 0,5 und 3,0 mmol/l Chenodesoxycholat. Uberraschenderweise wurde die Mehrzahl der cytosoli-
schen Enzyme in hoherem MaBe freigesetzt als Membranenzyme. Andererseits waren lysosomale oder mito-
chondriale Enzyme im Perfusionsmedium spérlich oder gar nicht nachzuweisen, ein Befund, der eine schwere
Schidigung der Mucosazellen ausschlieBt. Es ist daher anzunehmen, daBl wihrend des Verdauungsprozesses
regelmiBig cytosolische Enzyme externalisiert werden, wobei die Glycocalyx vielleicht eine gemeinsame Ma-
trix fiir Pankreas-, Membran- und Cytosolenzyme darstellt.

Introdiuction

The release of enzymes by bile salts from the plasma
membrane of hepatocytes is well known from clinical
and experimental experience. Cholestasis is marked
by a significant increase in serum of the membrane
enzymes alkaline phosphatase, y-glutamyltransfer-
ase, alanine aminopeptidase, and others. Experi-
mentally, bile duct ligation, production of intra-
hepatic, cholestasis by a-naphthyl-isothiocyanate,
partial hepatectomy and carbon tetrachloride poi-

1) The paper will be part of the thesis ‘of B. Bossmann.

soning have been applied (1, 2). It has been demon-
strated that membrane enzymes in serum are in-
creased only when the bile salt level in liver and se-
rum is elevated. At the same time, the catalytic con-
centrations of enzymes in the liver may (alkaline
phosphatase) or may not (y-glutamyltransferase) be
increased. These findings support the concept that
the increased serum activities of membrane en-
zymes in cholestasis are caused by solubilization
through bile salts. This has been confirmed by obser-
vations with isolated hepatocytes (3) and with isolat-
ed plasma membranes from liver cells (1). In both
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cases considerable amounts of membrane enzymes
were released into the supernatant by added bile

salts.

Similarly, the release of enzymes from the brush
border membrane of the proximal tubules of the kid-
neys may be increased by as much as 15-fold in cases
of liver disease, particularly in malignant tumours as-
sociated with liver metastases (4).

The present work deals with the influence of bile
salts on the intestinal brush border membrane. To
our knowledge, this problem has only been tackled
by Vasseur et al. (5) and Nordstrém (6), but the exa-
minations were confined to membrane enzymes.

In our investigations, we took advantage of the tech-
nique of segmental perfusion; this is characterized by

(1) the possibility of applying exactly the compound
to be tested,

(2) of determining'precisely the enzymes released,
and

(3) of obtaining these results in vivo.

The investigations were not confined to membrane
enzymes. Several cytosolic, lysosomal and mitochon-
drial enzymes were determined as well. The results
point to an involvement of the membranes that goes
beyond simple release of membrane énzymes
through the detergent effect of bile salts.

Tab. 1. Summary of enzymes estimated in the perfusate

Materials and Methods

Female white Wistar rats of an average weight of 200 g were used,
which were on a standard diet (pellets) and water ad libitum.
About 1 h before the operation 0.2—0.3 ml of a 50 g/l Brevinar-
con® (ethylbutyl thiobarbital-Na) solution was administered to
the animals. After laparotomy 20 cm of the proximal jejunum
were exposed and ligated on both ends. Special consideration was
given to the rhaintenance of circulation in this segmeiit. Subse-
quently, in the proximal end of the ligated segment an afferent
catheter and in the distal.énd an efferent catheter was inserted. A
peristaltic pump (LKB, Broinma, Sweden) was used for continu-
ous perfusion in a closed systém. The duration of the experiments
was 2.5 h. In order to maintain thé body teniperatire the animals
were placed on an aluminium plate the temperature of whlch was
kept constant by an electric warming-pad at 37 °C. Thé témpera-
ture of the perfusate was regulated by the same device. The vo-
lume of the perfusate was 25 ml, flow rate 1 mi/min. The follow-
ing solutions were administered,

(1) in the control experiments Ringer solution contaihing
9.5 g NaCl, 0.5 g KCl, 02gCaC12,0 15gNaHCO3and 1.0 g
glucose per liter;

(2) in the bile salt experiments
a) 3 or 10 mmol/l sodium taurocholate or
b) 0.5 or 3 mmol/l sodium chenodeoxycholate was added to
the Ringer solution.

In some of the experiments with 3 mmol/I clienodeoxycholate the
perfusate contained an admixture of mucus increasinig with the
duration of the experiment. The phenomenon could not be cofi-
trolled, i. e. it was encountered in some of the animais and missing
in others. Therefofe we ascribe it to an individual disposition of
the animals. In the figures arnd tables the data of these two groups

. are represented separately. During the fifst 1.5 h, samiples of
1.7 ml were removed from the perfusate at 15 min intervals, and
afterwards at an interval of 30 min. The volume was replaced by
the pertinent solution. The effect of dilution was eliminated by
calculation. Protein was determined in the samples by a modified
Lowry method (7).

Localization

Enzyme EC number Meéthod ‘
Author (Ref.) Substrate, pH
Alanine aminopeptidase 34.11. 2 Membrane Haschen (8) D, L-alanine B-haphthylamide, 7.0
Alkaline phosphatase 3.1. 31 Membrane DAB7 (D:-L.) (9) 4-nitrophenyl phosphate, 10.4
y-Glutamy! transferase 23. 22 Membrane DAB 7 (D.-L.) (9) L-y-glutamyl p-nitroanilide, 8.2 5
a-1,4-Glucosidase 3.2. 1.20 Membrane Forner (10), DAB7  maltose, 6.0 . '
(D.-L.) 9)
Enteropeptidase 3.4.21. 9 Membrane Lebenthal etal. (11)  trypsinogen, 6.0;
_ benzoyl-D, L-arginine-p-nitroanilide 8.2
Leucine aminopeptidase 34.11.1 Cytosol Haschen et al. (12) L-leucine hydrazide, 10.4
Glycyl-L-leucine dipeptidase 34.13.2 Cytosol Hanson (13) glycyl-L-leucine, 8.2
Diglycinase 3.4.13.1 Cytosol Hanson (13) glycyl-glycine 8.2
Prolidase 34.139 Cytosol Hanson (13) glycyl-L=proline, 8.0 i
Prolinase 34.13.8 Cytosol Hanson (13) L-prolylglycine, 8.0 | |
B-Glucuronidase 3.2. 1.31 Lysosomes  Szasz (14) 4:nitrophenyl B-D-glucuronide, 4.0 5,
Arylsulphatase A 3.1. 6.1 Lysosomes  Baumetal. (15) 2-hydroxy S-nitfrophenyl:sulphate, 5.0 ,
Succinate dehydrogenase 1.3.99.1 Mito- Pennington(16) succinate-Na,, 7.4 '
chondria ’ . ]
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The enzymes estimated, their localization and the methods used
are represented in table 1. The sources of chemical compounds
used were as follows: D,L-alanine-f-naphthylamide-HCI, Serva
(Heidelberg); benzoyl-D,L-arginine p-nitroanilide, Serva (Hei-
delberg); L-y-glutamyl-p-nitroanilide, Lachema (Brno); glycyl-
glycine, Reanal (Budapest); glycyl-L-leucine, Serva (Heidel-
berg); glycyl-L-proline, Ferak (Berlin); 2-hydroxy-5-nitrophe-
nylsulphate, Sigma (St. Louis); L-leucine hydrazide (LAP-Test),
VEB Arzneimittelwerk (Dresden); maltose, Merck (Darmstadt);
4-nitrophenyl-B-D-glucuronide, Merck (Darmstadt); 4-nitrophe-
nylphosphate-Na;, VEB Feinchemie (Sebnitz); L-prolyl-glycine,
Ferak (Berlin); sodium taurocholate, Schuchardt (Miinchen); so-
dium chenodeoxycholate, Serva (Heidelberg); succinate-Nay,
VEB Laborchemie (Apolda); trypsinogen, Ferak (Berlin).

The direct effect of bile salts on the enzymes was determined by
estimating the activity of control samples (obtained after 150 min
of perfusion) before and after addition of bile salts.

In order to be able to express the enzyme activity released as a
fraction of the original catalytic activity of the mucosa, homogen-
ates of the latter were examined. The mucosa was scraped off
from 20 cm of proximal jejunum and homogenized with an Ultra-
Turrax homogenizer (Fa. Kunckel, Freiburg/Breisgau) in 25 ml of
Ringer solution.

Results

Total enzyme activity concentrations in jejunal muco-
sa

First, the enzyme and protein contents of the jejunal
mucosa were estimated (tab. 2). By far the most ac-
tive enzyme is enteropeptidase. In contrast, little ac-
tivity is shown by the lysosomal enzymes. The re-
mainder show an intermediate range of between 7
and 60 U per 25 ml.

Influence of bile salts on eniyme activity

Table 3 demonstrates that, with the exception of en-
teropeptidase, most enzymes are more or less inhi-
bited by bile salts. However, some of them, such as
alkaline phosphatase, a-1,4-glucosidase and leucine
aminopeptidase, remain practically uninfluenced.

Tab. 2. Enzyme activities in jejunal mucosa homogenate

Enzyme Enzyme activity?)
Alanine aminopeptidase 6.83 + 1482
Alkaline phosphatase 3048 + 9.37
y-Glutamyl transferase 14.11 + 342
Enteropeptidase 809.87 =+ 162.09
a-1,4-Glucosidase 5725 * 14.54
Leucine aminopeptidase 692 + 239
Glycyl- L-leucine dipeptidase 5227 + 15.28
Glycyl-glycine dipeptidase 23. 20+ 3.87
Prolidase 4880 + 11.14
Prolinase 16.00 = 1.83
B-Glucuronidase 0377+ 0.080
Arylsulphatase A 0.868 + 0.270
Succinate dehydroggnase not determined
Protein 188.27 + 28.671)

1) Enzyme activities are expressed as U per 25 ml, protein as mg
per 25 ml.

2) Each value represents the average of 10 animals + standard
deviation .

The measured values were corrected for inhibition
or activation by bile salts. Thus, the data in the fol-
lowing tables and figures reflect the quantity of en-
zyme that has been liberated by the bile salt applied.

Rate of enzyme release

As can be seen from figure 1, after a lag phase of 30-
45 min the enzymes increase in the perfusate in an
exponential manner. Ringer solution alone is able to
liberate some enzyme material from the enterocytes.
As for the influence of the bile salts, in general 3
mmol/l taurocholate and 0.5 mmol/l chenodeoxy-
cholate on one hand and 10 mmol/I taurocholate and
3 mmol/l chenodeoxycholate on the other hand are
similarly effective. But even the latter is considerably
surpassed by those cases in which an admixture of

Tab. 3. Inhibition or activation of enzyme activities by bile salts. The results are given as per cent inhibition or activation (plus signs)

mean =+ standard deviation). The number of experiments is in parentheses. Succinate dehydrogenase was not estimated.
p P: ydrog

Sodium iaurocholate

Sodium chenodeoxycholate

Enzyme
3 mmol/l 10 mmol/I 0.5 mmol/l 3 mmol/l

Alanine aminopeptidase 49+ 7 (5) 5+ 1 (5) 12+ 4 (5) 375 (5)
Alkaline phosphatase 6+ 6 (7) +5+ 5 (7) 0 (6) 42 (6)
y-Glutamyl transferase 20+ 4 (5) 38+ 13 (8) 16 £ 5(10) 207 (9)
Enteropeptidase +150 £ 66 (7) +100'!'—|2,000 O] +30+ 8 (5) +80 4 (5)
a-1,4-Glucosidase 0 4) +7 £ 7 (4) 0 4) +12+4 (4)
Leucine aminopeptidase 12+ 5 (9) +10+ 6 (9) 10+ 4 (8) +8 +7(10)
Glycyl-glycine dipeptidase 5+ 5(11) 18 9 (5) 8+ 6 (9) 23+7 (8)
Glycyl-L-leucine dipeptidase 18+ 8 (8) 22+ 8(10) 18 10 (5) 25+3 (5)
Prolidase 10+ 8 (9) 13+ 7(12) 0 (8 10+6 (5)
Prolinase 10+ 5 (9) 13+ 8(10) 10+ 3 (5) 10+6 (6)
B-Glucuronidase 8+ 2 (4) 90+ 7 (7) 0 4) 8+4 (4)

0 @ 0 &) LU ) 0 @

Arylsulphatase A
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Fig. 1. Course of enzyme release during 150 min perfusion of rat jejunum ir vivo with Ringer solition containing different concentra-
tions of taurocholate or chenodeoxycholate. Control Ringer solution. NB: The cytosoli¢ enzymes are released significantly faster
thar} the membrane enzymes represented here (a). Each point corresponds to the mean of 7—26 experiments. For the sake of
clarity the standard deviations are not represented in this figure. The interindividual variation ranged from 10—30 (=50)%.
Taking into account the number of experiments, the standard error of the means, as a perceritage, varies.between 2 and 8.(15%). )
The higher values refer to the lower activity concentrations in the first 30—45 min of the expefimeénts. For comparison of the bile :
salt experiments with the controls, Student’s t-test was applied. In general, the differefice between values after the initial lag !
phase and controls was highly significant (p < 0.001).

A—A chenodeoxycholate, 3 mmol/], mucus

A—A chenodeoxycholate, 3 mmol/l - .
©—=0 taurocholate, 10 mmol/l *
O—O taurocholate, 3 mmol/l |
A—A chenodeoxycholate, 0.5 mmol/Il
O—8 control

-
.,

|
.l
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mucus appeared in the perfusion medium. In table 4
the final values for all enzymes investigated and for
protein are given. The release of protein is compar-
atively small. Among the enzymes, there are great
differences. Only traces of lysosomal and mitochon-
drial enzymes appear in the perfusate.

Enzyme losses from the mucosa

Table 5 represents an attempt to compare the total
enzyme activity liberated within 150 min with the in-
itial enzyme content of the mucosa (tab. 2). These
results must of course be interpreted with caution
since the possibility of continued synthesis of the en-

zymes in the mucosa cells has been neglected. Mo-
reover, the activity measurements in the perfusion
medium at the end of the experiments due to activa-
tion, inhibition or denaturation effects other than by
bile salts may be subject to error. A rough estimate
however can be made. Neglecting the lysosomal and
mitochondrial enzymes, 1-11% of the enzymes is
lost from the mucosa with Ringer solution. By com-
parison, about the double quantity is liberated by 3
mmol/] taurocholate or 0.5 mmol/l chenodeoxycho-

. late and up to 40% by the higher concentrations of

these bile salts. The excessive values obtained for
leucine aminopeptidase might be caused by activa-
tion phenomena of unknown origin or by increased
synthesis.

Tab. 4. Enzyme activities after 2.5 h of perfusion with bile salt. The enzyme activities are expressed as U per 25 ml (mean + standard
deviation), protein as mg per 25 ml (mean + standard deviation) and have been corrected for direct influence of bile salts. The
number of experiments is in parentheses. Arylsulphatase A and succinate dehydrogenase activities were not detectable.

Enzyme Control Sodium taurocholate Sodium chenodeoxycholate
(Ringer solution) 3 mmol/l 10 mmol/} 0.5 mmol/l 3 mmol/l 3 mmol/l+mucus
Alanine 0.211 + 0.035 0.324 + 0.050 0.870+ 0.125 0.334+ 0.041 0.665% 0.094 1.196* 0.206
aminopeptidase  (24) (20) (25) (20) 17) €)
Alkaline 0.304 = 0.050 1.355+ 0.184 1786+ 0201 0962+ 0.132 2419+ 0402 6.121 = 0.649
phosphatase (22) (21) (23) (18) (13) (12)
v-Glutamyl 0515+ 0.095 1.073+ 0.170 2230+ 0.311 1.147+ 0.144 1.635+ 0315 3.397+ 0.460
transferase (22) (18) (23) (19) (13) (10)
Entero- 88.09 +18.08 147.01 *20.63 514.80 =+ 78.60%) 102.15 +17.58 283.92 +37.03 542.79 +92.20
peptidase (22) (19) (24) (20) (13) (10)
a-1,4- 4065 0.346 5.348* 0594 8.872% 1.040 4.879% 0.583 9.543 = 1.294 not different from
Glucosidase (18) (14) (20) (16) (10) 3 mmol/l CDC
Leucine 0.176 £ 0.032 1.441% 0.236 1.743+ 0.209 1242+ 0.181 5441+ 1.198 11.054+ 1.287
aminopeptidase  (20) (20) (26) (19) (14) (10)
Glycyl-glycine 1.650 + 0.314 2348+ 0428 5.051+ 0.765 2400+ 0467 5.018% 0.942 9.446* 1.056
dipeptidase (24) (18) (19) (18) (12) ©)
Glycyl-L-leucine 2.881+ 0.876 5.273% 1.506 6.264+ 0.753 2.864+ 0.667 9.465+ 1.831 18.053+ 2416
dipeptidase (16) (16) 17) Qa7 (12) (8)
Prolidase 0.687 + 0.164 4.266+ 0.632 5.398+ 0.605 1.472%* 0.357 10.804 + 1.235 16.756 + 2.110
(12) . (14) (12) (15) (11) )
* Prolinase 0.393+ 0.108 0.661* 0.212 0.749% 0.159 0.515%+ 0.112 0.892+ 0.175 2.006 + 0.459
(15) @12) (13) an (10) @
B-Glucuro- —295 - 1073
nidase +3.68 - 1072 0 0 1.88 - 107 1010 - 1073
+1.86 -1073 +1.57 - 1073
(10$) ™ ®) (6) (10) “)
Protein 13.06 £ 290 1853 * 279 19.71 264 1559 * 202 2523 % 5.13 4567 + 481
(23) (17) (20) (20) (15) (1)

1) The activity of enteropeptidase released by 10 mmol/! taurocholate has not been corrected since the activation of this enzyme varies

from 100—2000 per cent (table 3).

J. Clin. Chem. Clin. Biochem. / Vol. 21, 1983 / No. 1
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Tab. 5. Enzymes and protein released from jejunal mucosa after 150 min of perfusion. Values have been expressed as per cent of the

total activity present in the mucosa at zero time.

Sodium chenodeoxycholate

Control Sodium taurocholate

(Ringer solution) 3 mmol/l 10 mmol/I 0.5 mmol/1 3 mmol/l 3 mmol/l + mucus
Alanine amino- '
peptidase 3.1 47 - 12.7 4.9 9.7 7.5
Alkaline
phosphatase 1.0 4.4 5.8 31 7.8 19.9
y-Glutamyl '
transferase 3.7 7.6 15.8 8.1 11.6 24.1
Enteropeptidase 10.9 18.2 63.6%) 12.6 35.1 67.0
a-1,4-Glucosidase 7.1 9.3 15.5 8.5 . 16.7 16.7
Leucine
aminopeptidase 2.5 20.8 25.2 17.9 78.6 159.7
Glycyl-glycine )
dipeptidase 7.1 10.1 21.8 10.3 21.6 40.7
Glycyl-L-leucine . _
dipeptidase 5.5 10.1 12.0 5.5 18.1 34.5
Prolidase 1.4 8.7 11.1 3.0 22.1 34.3
Prolinase 25 4.1 4.7 32 56 125
Succinate
dehydrogenase 0 0 0 0 0 0
B-Glucuronidase 0.8 0.5 2.7
Arylsulphatase A 0 0 0 0
Protein 6.9 9.8 10.5

8.3 134 243

1) In this case enteropeptidase activity has not been corrected for direct influence of bile salt (see table 4, footnoté).

Discussion

The bile salts administered should be distinguished
according to their different detergent levels. After
Greim et al. (17), who were working with liver cells,
the dihydroxy bile acid inhibition level?) corresponds
to a concentration of 0.1 mmol/], the dihydroxy bile
acid detergent level to 0.3 mmol/I and the trihydroxy
bile acid detergent level to 3.0 mmol/l. If we apply
these data to our experiments, the critical detergent
level has been attained or surpassed in all cases. The

concentration of 3 mmol/l chenodeoxycholate would .

correspond to tenfold the detergent level. Indeed, in

some of these experiments, as mentioned above, the

perfusate contained an admixture of “mucus” which
increased during the experiments and might corre-
spond to micelles consisting of membrane lipids and
bile salt. The bile salt concentrations at the detergent
level correspond to physiological levels. At this level
a slight, reversible functional impairment of the
membranes should be envisaged.

2) Inhibition of the endoplasmic cytochrome P-450 oxidase

For the rést, the liberated enzyme "q_uantities appear
to steadily increase according to the type and con-
centration of the administered bile salts. In contrast
to membrane and cytosol enzymes the quantities of
lysosomal and mitochondrial enzymes range frofi
negligible to zero. Preliminary results of electronmi-
croscopic investigations indicate that at 3 mmol/l
taurocholate the brush border membranes remain
intact except for a removal of the apical glycocalyx.
(The completeé results of these morphological inves-
tigations will be published separately.)

The biochemical findings deserve detailed consider-
ation. In table 6 data have been compiled which are
derived from the findings communicated in the Re-
sults section. An impression of the nonspecific sol-
vatability of the enzymes can be gained by consider-
ing the figures obtained for the controls at 15 and
150 minutes. The spontanéois telease varies from 6-
fold to 40-fold among the membrane enzyinés and is
greatest for a-1,4-glucosidase and enteropeptidase.
This éorresponds to the quite superficial localization
of these enzymes in the plasma membrane (18). As

J. Clin. Chem. Clin. Biochem. / Vol. 21, 1983 / No. 1
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Tab. 6. Criteria for the evaluation of the effect of Ringer solution and bile salts. The combined cffect is represented e. g. by the values for
3 mmol/l chenodeoxycholate after 150 min of perfusion (see tab.4). For further details sece text.

Enzyme Controls Bile salt — Control Ratio

150/15 min  Taurocholate mmol/l Chenodeoxycholate

3 10 0.5 3 3 + mucus

Alanine amino-
peptidase 9.1 1.5 4.1 1.6 3.2 5.7
Alkaline
phosphatase 59 4.1 59 3.2 8.0 20.1
y-Glutamyl
transferase 11.2 2.1 4.3 2.2 3.2 6.6
Enteropcptidase 331 1.7 5.8 1.2 3.2 6.2
a-1,4-Glucosidase 38.5 1.3 2.2 1.2 2.3 2.3
Leucine
aminopeptidase 12.1 8.2 9.1 7.1 30.9 62.8
Glycyl-L-leucine
dipeptidasc 249 1.8 2.2 1.0 33 6.3
Glycyl-glycine
dipeptidase 12.3 1.4 3.1 1.5 3.0 5.7
Prolidase 27.5 6.2 7.9 2.1 15.7 24.4
Prolinase 17.3 1.7 1.9 . 1.3 2.3 5.1
B-Glucuronidase 8.7 - - - 0.6 34
Arylsulphatase A - - - - - -
Succinate
dehydrogenase - - - - - -
Protein 3.7 1.4 1.5 1.2 1.9 3.5

for the cytosolic enzymes, the increase is more uni-
form, varying around 20-fold. The values for bile
salts vs. control give an impression of the detergent
effect of the former. Among the membrane en-
zymes, the greatest effect is obtained for alkaline
phosphatase and the least one for a-1,4-glucosidase.
Among the cytosolic enzymes leucine aminopepti-
dase and prolidase are released most rapidly whereas
the smallest effect is exerted on glycyl-L-leucine di-
peptidase. The combined effects of perfusion per se
and of added bile salts are reflected by the total en-
zyme activities liberated. Except for enteropepti-
_ dase, the membrane enzymes are released in similar
quantities (1—10 U/25 ml within 2.5 h). As for a-
1,4-glucosidase, the great spontaneous release is
partially compensated for by the small effect of bile
salts. The other membrane enzymes examined are
tightly anchored in the lipid bilayer (18). The cyto-
solic enzymiés vary from 1—11 U/25 ml, i.e. they are
released at a similar rate to most of the membrane
enzymes. On the other hand, lysosomal and mito-
chondrial enzymes are practically not liberated from
the mucosa cells. This means that in agreement with

J. Clin. Chem. Clin. Biochem. / Vol. 21, 1983 / No. 1

the preliminary morphological findings mentioned
above a serious lesion of these cells can be excluded.

What is the biological significance of these findings?
Current opinion (19, 20) assumes that the digestion
of foodstuffs occurs in 3—4 steps,

(1) cleavage of polymeric to oligomeric forms by sa-
livary, gastric and pancreatic enzymes in the in-
testinal lumen,

(2) splitting of oligomeric to dimeric or monomeric
substrates at the surface of the brush border
membrane,

(3) resorption of monomers or dimers with a kinetic
advantage for the latter, and

(4) terminal cleavage by intracellular enzymes.

Our results lend strong support to the view that the
final stage of digestion can take place already in the
lumen or at the membrane surface. In this context,
the role of the glycocalyx as a possible matrix for
pancreatic, cytosolic and membrane enzymes is not
sufficiently clarified as yet. It must be inferred from
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our findings that under the influence of bile salts cy-
tosolic enzymes can cross the brush border mem-
brane relatively easily. The mechanism of the mem-
brane passage remains to be elucidated. Elevated
bile salt concentrations apparently cause a transitori-
ly increased membrane permeability.

In this context, the unique behaviour of leucine ami-
nopeptidase might become understandable. The en-
zyme is greatly activated by manganese and/or mag-
nesium ions. The activated enzyme might be formed
and retained for a certain time in the glycocalyx. Ac-
cording to earlier investigations (21, 22) the sub-
strate used is not hydrolysed by the known mem-
brane aminopeptidases (alanine and aspartate ami-
nopeptidases). Our observation bears some relation-
ship to the findings of Kenney & Fulcher (23) who
investigated renal brush border membranes of the
rat. Here, too, a very active “leucine hydrazidase”
could be demonstrated. However, there is no doubt
that leucine aminopeptidase is a typical soluble cyto-
solic enzyme which, like other cytosolic di- and tri-
peptidases, seems to be externalized in small quanti-
ties and retained in the glycocalyx for some time.

It is remarkable that the cytosolic enzymes that are
released most readily under the influence of bile salts
are leucine aminopeptidase and prolidase. Leucine
aminopeptidase and the membrane-associated ala-
nine aminopeptidase attack peptides from the N-ter-
minus (for substrate specificity see l.c. (21, 24)) but
they are unable to split the gly-pro bond. However,
the membrane-associated dipeptidyl peptidase IV
(EC 3.4.14.4) is able to remove gly-pro from the
amino end of peptides (25) and this dipeptide can be
cleaved by prolidase. The “master dipeptidase” of
Radhakrishnan (26), glycyl- L-leucine hydrolase, has
a very broad specifity, but it has no action on the
dipeptides gly-gly, gly-his, gly-pro and pro-gly which
are hydrolysed by separate cytosolic enzymes.

It might well be that the intracellular hydrolases
have still another function, viz. the terminal cleavage
of peptides that have been produced by the lysosom-
al digestion of proteins taken up by autophagy or
heterophagy. Thus, the proximal tubular cells of the
kidneys regularly take up large quantities of protein
from the primary filtrate. It is possible that such a
mechanism also takes place in the intestinal cells,

particularly if, due to pancreatic insufficiency, pro-
teins and other foodstuffs are supplied in larger
quantities.

Apart from the investigations of Bilington et al. (3)
and Schlaeger et al. (1) mentioned in the Introduc-
tion, studies on the direct efféct of bile salts on brush
border membranes are relatively scarce. However,
our findings may be compared with the results ob-
tained by Schmidt et al. (27) in their investigations
using isolated perfused rat liver. In one figure (14.6,
p. 157) of their papet the ratios of cytosolic and mi=
tochondrial enzymes (lactate dehydrogenase/gluta-
mate dehydrogenase and cytosolic/mitochondrial as-
partate aminotransferase, respectively) are comi-
pared. If 1 mmol/l sodium deoxycholate is added to
the perfusion medium the ratios are very high, but if
1 mmol/l1 KCN is added they are very low. This
meéans that urider the influence of the bile salt cyto-
solic enzymes are released in relatively large qrtlanti-
ties. Another example is given by the data on én-
zyme activities in serum in cases of acute cholestasis.

~ Immediately after the event, there is a stéep rise not

only of glutamate dehydrogenase, but also of aspar-
tate aminotransferase and the exclusively cytosolic
alanine aminotransferase. There follows a rapid de-
crease to moderately elevated levels while alkaline
phosphatase @nd other membrane enzymes do not
reach a peak until about one week after thi¢ acute oc-
clusion.

Finally, Silk & Kim (28) observed that on incubation
of strips of intestine in vitro there is a very rapid ef-
flux of cytosolic peptidases into the mucosal medi-
um. This is what we observed at the start of our in=
vestigations. Since we thought it might be an artifact
due to hypoxia etc., we proceeded to the in vivo
experiments presented here. We are thus left with
the fact that in vivo and especially under the influ-
ence of bile salts cytosolic enzymes may be present at
the membrane surface (in the glycocalyx and the lu-
men) in concentrations not lower than most of the
membrane enzymes. '
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