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Summary:

Alkaline sphingomyelinase (Alk-SMase) and neutral ceramidase (N-CDase) in the intestinal
microvillar membrane are responsible for dietary sphingomyelin digestion. The activities of the
enzymes require the presence of bile salt, and the enzymes can be released into the gut lumen in
active forms by bile salts and trypsin. It is unclear to what extent that the intestinal presence of
bile salts is critical for the intraluminal activity of these enzymes. We compared the activities of
Alk-SMase, N-CDase, and other types of SMases in control and permanently bile diverted rats. In
the intestinal tract of control rats, the activity of Alk-SMase was profoundly higher than those of
acid and neutral SMases. Bile diversion reduced Alk-SMase activity by 85% in the small
intestinal content, and by 68% in the faeces, but did not significantly change the activity in the
intestinal mucosa. Western blot showed a marked reduction of the enzyme in the intestinal lumen
but not mucosa. N-CDase activities both in the intestinal mucosa and content were reduced by
bile diversion. Bile diversion also decreased aminopeptidase N activity in the content and
increased that in the mucosa, but had no effects on that of alkaline phosphatase. In conclusion,
the presence of bile salts is important for maintaining high intraluminal levels of Alk-SMase and
N-CDase, two key enzymes for hydrolysis of sphingomyelin in the gut. We speculate that the
sphingomyelin hydrolysis in cholestatic conditions is impaired not only by reduced hydrolytic

activity but also by deficient dissociation of the enzymes from the membrane.
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Introduction

Alkaline sphingomyelinase (Alk-SMase) and neutral ceramidase (N-CDase) are two
enzymes important for step-wise digestion of SM in the intestinal tract. Sphingomyelin (SM) in
the gut is first hydrolysed by Alk-SMase to ceramide that in turn further hydrolysed by N-CDase
to sphingosine and fatty acid. The two enzymes are important regulators for intestinal
concentration of ceramide and sphingosine, which have been considered as antiproliferative and
apoptotic molecules [1, 2]. Our laboratory has recently cloned intestinal Alk-SMase in both
human and rats [3, 4] and characterized intestinal N-CDase in the purified form [5]. The
enzymes are ecto-enzymes that anchor on the brush border surface via a hydrophobic domain at
the C-terminal for Alk-SMase and N-terminal for N-CDase [3, 6], and can be released in active
form into the gut lumen [3, 5, 7, 8]. We previously showed that Alk-SMase activity was
significantly decreased in biopsies of human colon cancer and ulcerative colitis [9, 10] and have
implications for tumorigenesis in the colon and cholesterol absorption in the small intestine, as
recently reviewed [11].

Several previous studies have linked the enzyme to bile acid metabolism. First, bile salts,
particularly taurocholic and taurochenodeoxycholic acids, strongly increase the activity of Alk-
SMase in vitro [12]. The bile salt seems to be a physiological activator for the enzyme and
independent from its detergent activity, since synthetic detergents such as Triton X100 and
CHAPS inhibit rather than activate Alk-SMase [12]. The presence of bile salts is also important
for N-CDase activity, though the species specificity is less obvious than for Alk-SMase [5, 13].
Second, luminal perfusion of the small intestine or incubation of intestinal loops with bile salts
releases both Alk-SMase and N-CDase into the gut lumen [5, 12, 14]. The hydrophobic
anchoring of the enzymes in the membrane may be overcome by the detergent effect of bile salts.
The activities of Alk-SMase and N-CDase are highest in the middle part of the small intestine
where most of the SM digestion occurs, and the bile salts are not yet reabsorbed [13, 15]. Third,
the expression of Alk-SMase can be induced by ursodeoxycholic acid both in rats [16] and in a
human colon cancer derived cell line [17]. The effect is more potent on differentiated enterocytes
than on proliferating cells. Another interesting feature of Alk-SMase is its biliary secretion in
humans but not in other species, as convinced by activity assay, Western blot and Northern blot

in our previous studies [3, 4, 18, 19]. Bile salt dependent hydrolysis of SM in the gut lumen or in



the brush border membrane may indirectly influence cholesterol absorption [20], which is highly
dependent on bile salts.

We aimed to determine whether bile is of critical importance for the expression of Alk-
SMase and N-CDase in the intestinal mucosa, and for their release into the gut lumen. Our results
indicate that the absence of bile may significantly reduce hydrolysis of SM and ceramide in gut

[umen.
Materials and Methods
Materials

SM was purified from bovine milk and labelled with ['*C-CH3] choline (["*C-SM]) by Dr.
Strom at Astra Zeneca (Stockholm, Sweden) [21]. Anti-human Alk-SMase antibody was
developed in AgriSera AB (Viannis, Sweden) using purified human Alk-SMase as an antigen [8].
Our preliminary studies found that this antibody cross reacts with rat intestinal alk-SMase. 1-'*C-
octanoyl-sphingosine was obtained from American Radiolabelled Chemicals, St Louis, MO,

USA. All other agents used were purchased from Sigma. Co. (Stockholm, Sweden).

Methods

Male Wistar rats (Harlan, Zeist, The Netherlands), weighing 280 to 310 g, were housed in
an environmentally controlled facility with diurnal light cycling and free access to standard
rodent lab chow and tap water (and additional saline, 0.9% NaCl w/v, in the case of bile-deficient
rats). Experimental protocols were approved by the Ethical Committee for Animal Experiments,
Faculty of Medical Sciences, University of Groningen. One group of rats (n=4) were equipped
with permanent catheters at the proximal common bile duct (bile-deficiency rats) and the bile was
continuously drained (19). Animals were allowed to recover from surgery for 1 week, after which

they were subjected to overnight fasting.

Sample preparation
Eight days after surgery, the rats were terminated by cardiac puncture under halothane

anaesthesia and the intestinal tract of the rats was removed. The whole small intestine was



longitudinally opened and the intestinal content was washed in 30 ml saline containing 2 mM
benzamidine. After centrifugation at 15000 g for 10 min at 4 °C, the supernatant was saved for
analysis of the enzyme activity in the intestinal lumen. The intestinal mucosa was scraped and
homogenized in 10 ml lysis buffer containing 50 mM Tris, 2 mM EDTA, 6 mM TDC, | mM
PMSF, 1 mM benzamidine, and 0.5 mM DTT, pH 7.4. The colon was longitudinally opened and
washed in 10 ml of saline. The mucosa of colon was scraped and homogenized in 2 ml of the
lysis buffer. The homogenates of small intestinal mucosa and colonic mucosa were centrifuged at
15000 g for 10 min at 4 °C and the supernatant was used for biochemical determinations. One
piece of faecal sample was collected from each animal at the distal part of the colon. The faecal
sample was dried under a hood overnight, weighed, and resuspended in10 ml of 0.15 M NaCl
containing 2 mM benzamidine. The suspension was centrifuged at 3000 g for 10 min and the
supernatant was saved for biochemical analysis [14].

SMase assays

The activities of SMases were determined as described previously [22]. For Alk-SMase
assay, 5 ul samples were mixed with 95 ul of 50 mM Tris-HCI buffer, pH 9.0, containing 0.15 M
NaCl, 2 mM EDTA, 6 mM taurocholate, and 0.80 uM [14C]—choline labelled SM to a final
volume of 100 ul, followed by incubation at 37 °C for 30 min. The reaction was terminated by
adding chloroform/methanol (2:1). After phase partition, the cleaved phosphocholine in the upper
phase was counted by liquid scintillation, using Ready Gel (Beckman Coulter) scintillation fluid.
The activities of neutral and acid SMase were measured similarly except small modifications of
the buffers. Neutral SMase was assayed in 50 mM Tris buffer containing 2 mM MgCl,, 0.15 M
NaCl, and 0.12% Triton X 100, pH 7.5. Acid SMase was determined in SO0mM Tris-maleate
buffer containing 0.15 NaCl and 6 mM Triton X 100, pH 5.0.

N-CDase activity was determined as described earlier [5, 23]. Briefly, '*C-octanoyl-
sphingosine was taken to dryness under nitrogen and then sonicated on ice for 2 min in 50 mM
Tris-Maleate buffer pH 7.0 with 10 mM sodium TC. The assay was started by mixing 10 pl of
sample with 90 pl assay buffer containing substrate and then incubated at 37 °C for 1 h. The
substrate added contained 22,000 dpm and 50 nmole "*C-octanoyl-sphingosine. The reaction was
interrupted by adding 0.6 ml methanol:chloroform:heptane in proportions 28:25:20 (v:v:v) and
0.2 ml 0.05 M K,CO3 /K,B,0; pH 10. After centrifugation at 10 000 rpm for 10 s, an aliquot of



200 pl of upper phase was taken for liquid scintillation counting. The total dpm in the upper
phase was calculated.

Western blotting of Alk-SMase.

The Western blotting of Alk-SMase was performed as described [3]. 50 ul of intestinal
content or 75 pg of proteins from mucosal homogenate were subjected to 10% SDS-PAGE and
transferred to a nitrocellulose membrane. The membrane was blotted with anti-human Alk-
SMase antibody (1:5000) for 2 h. After washing, the membranes were reacted with anti-rabbit
IgG antibody conjugated with horseradish peroxidase for 1 h. The Alk-SMase bands were
identified by ECL advance reagents and the remitted light was recorded on Kodak X-ray film.

Other biochemical determinations

Aminopeptidase N activity was determined according to a method based on the ability of
the enzyme to hydrolyse alanine-p-nitroanilide into p-nitroaniline [24]. The alkaline phosphatase
was assayed as described before [16]. The protein was assayed using the DC protein assay kit
obtained from Bio-Rad with bovine albumin as a standard. The activities of the enzymes
analyzed in mucosal samples were adjusted to the protein levels in the samples, and those in the

intestinal content were adjusted with the sample volume.

Statistical analysis
The results were presented as mean + standard error and the statistical significance was

analyzed by unpaired Student t test. P < 0.05 was considered as statistically significant.

Results

SMase activity in the small intestine. Figure 1 shows the SMase activity in the intestinal
content and mucosa in control and bile-deficient rats. Under physiological (control) conditions,
the activity of Alk-SMase in the lumen was the highest followed by that of acid SMase. The
activity of neutral SMase in the lumen was very low, being less than 1% of that of Alk-SMase.
Bile diversion significantly reduced the activity of Alk-SMase in the lumen by 85% and that of
acid SMase by 73%. The low neutral SMase activity in the lumen increased ~2 fold by bile

diversion to about 10% of Alk-SMase activity under that conditions. In the mucosa of small



intestine, the activities of acid and neutral SMase were very low, being only about 1-3 % of that
of Alk-SMase. Bile diversion had no significant effect on either alkaline or neutral SMase, and
slightly increased acid SMase activity.

Western blotting was performed to address whether the decreased Alk-SMase activity in the
intestinal content was caused by a decreased enzyme activity or decreased protein level (Fig.2).
The result shows that bile diversion markedly decreased the enzyme levels in the intestinal
content (upper panel) but not in the intestinal mucosa, indicating a net reduction of the enzyme
protein in the lumen. In one control sample, Western blotting identified an additional band in the
intestinal content but not in the intestinal mucosa. The reason for the appearance of this band is
unknown.

N-Cdase and other brush border enzymes in the small intestine. N-CDase is distributed
in parallel with Alk-SMase and is responsible for digestion of ceramide produced by the action of
Alk-SMase in the gut. Fig. 3 shows the ceramidase activity in control and bile deficient rats. Bile
diversion significantly reduced the enzyme activity in both intestinal content and mucosa to
similar extent. Other brush border enzymes in the intestinal tract including aminopeptidase N
and alkaline phosphatase were also analysed. As shown in Fig. 4, bile diversion reduced the
activity of amino peptidase N in the intestinal content and increased that in the mucosa. No
significant change for alkaline phosphatase activity in either small intestinal mucosa or in the
small intestinal content could be identified under the conditions (data not shown).

SMase in the colonic mucosa and faeces. Table 1 shows the activities of three types of
SMase in the colonic mucosa. No significant changes of Alk-SMase were found by bile
diversion. The Alk-SMase activity in faeces, however, was significantly decreased by 68% by
bile diversion (Table 2), whereas neutral and acid SMase activities in colonic mucosa or in the
faeces were not changed.

Discussion

Our present data clearly underline the importance of intestinal bile for the hydrolytic
capacities of SM-hydrolysing enzymes in the intestinal tract. Permanent biliary drainage reduces
significantly the protein content and the activity of Alk-SMase in the intestinal content and faeces
but not in the intestinal mucosa, without significant effects on acid or neutral SMase activity. Bile

drainage also reduced the activity of N-CDase in both intestinal content and mucosa. The



significant reduction of Alk-SMase and N-CDase activity in the intestinal lumen could affect the
hydrolysis of SM and the generation of ceramide and sphingosine, which have been considered
important factors regulating proliferation and apoptosis of the cells [25]. The similar levels of
Alk-SMase in the small intestinal mucosa of the normal and bile diverted rats shown by Western
blotting indicate that the expression of the enzyme does not critically required the presence of
bile components, such as bile salts.

Bile diversion may decrease the SM-hydrolytic enzyme activity in the gut lumen by at least
two mechanisms. First, intestinal epithelial cells proliferate and differentiate upon their migration
from the bottom of the crypt to the top of the villi where they undergo apoptosis. Roy et al [26]
examined the effect of biliary drainage on cell turnover in the gut and found a decreased
proliferative cell pool and reduced cell shedding. The effects could be reversed by bile salts. The
data suggest that bile acids constitute important regulatory factors influencing enterocyte
proliferation, differentiation, migration, and loss. Alk-SMase is exclusively expressed in
differentiated enterocytes [27] and the dissociation of the differentiated cells into the lumen is
expected to have fundamental influence on the Alk-SMase levels in the gut. This may explain
partly the reduced Alk-SMase and N-CDase activities in the small intestinal lumen caused by bile
diversion. Second, bile salts could have a direct influence on the release of brush border enzymes
into the intestinal lumen. Shiozaki et al [28] found that sucrase-isomaltase was solubilized by
taurocholate, and that bile diversion significantly increased the amount of the enzyme in the
mucosa. Such a bile salt-induced dissociation of brush border enzyme may also contribute to the
decreased Alk-SMase and N-CDase in the intestinal lumen. We previously showed that injection
of bile at physiological concentrations in rat intestinal loop significantly increased alk-SMase
activity in the lumen. The effect was not associated with increase of lactate dehydrogenase
activity, indicating that the effects were not caused by detergent-induced lysis or sloughing of
enterocytes. The effect was maximal by undiluted bile but detectable when the bile was diluted
by 8 times [14]. Bile induced dissociation of alk-SMase was most likely caused by bile salt, as
bile salt at concentrations lower than the critical micelle concentration rapidly released Alk-
SMase from the mucosa of the loops without a parallel release of lactate dehydrogenase [14]. In
the present study, we also found that bile diversion decreased the activity of aminopeptidase N in
the intestinal content and increased it in the mucosa. Aminopeptidase N, like alk-SMase, is an

ectoenzyme that anchors on the mucosa via its N-terminal transmembrane domain [29].



However, in this study, we did not find an accumulation of Alk-SMase in the mucosa by bile
diversion. This may be caused by the different synthesis rate of the two enzymes, since the brush
border enzyme levels are determined by both synthesis rate and turnover rate. A reduced
synthesis rate by bile diversion could theoretically compensate for decreased release in the
lumen, resulting in net similar mucosal protein contents.

The effect of bile diversion on intestinal brush border enzymes may also be enzyme
specific. In the present study, we found that bile diversion decreased the activities of alk-SMase,
N-CDase, and amino peptidase N activity in the intestinal content but not alkaline phosphatase.
In the intestinal mucosa, when aminopeptidase N was increased, N-CDase was decreased and
alkaline phosphatase and Alk-SMase were not changed. Previous studies also showed different
responses of different brush border enzymes such as aminopeptidase, sucrase-isomaltase, and
alkaline phosphatase to cholestyramine or bile diversion [30]. The diversity could be related both
to the way by which these enzymes bind on the brush border and to the alternations of synthesis
rate of the enzymes. For example, alkaline phosphatase, which differing from many other brush
border enzymes, binds the membrane with an covalent linkage to the phosphatidylinositol [29].
Bossman and Haschen [31] reported that during intestinal perfusion with bile salt, alanine
aminopeptidase, alkaline phosphatase, y-glutamyltransferase and enteropeptidase were all
released, and an increased proportion originating from de novo synthesis was found. Although we
presently did not find changes of Alk-SMase in the mucosa when the release of the enzyme to the
lumen was decreased, we found decreased levels of N-CDase in both intestinal mucosa and
lumen. The results support the view that, although Alk-SMase and N-CDase are closely related,
the synthesis rate and/or release rate of N-CDase is not parallel to that of Alk-SMase. This is also
in agreement with our previous study with psyllium, which increased Alk-SMase levels but
decreased N-CDase levels in the intestinal mucosa after oral administration in mice [32].

Our data also showed that bile diversion profoundly decreases Alk-SMase activity in
faeces. Theoretically, this could be due to decreased colonic expression, and/or secondary to
decreased release of the enzyme in the small intestine, as Alk-SMase is extremely resistant to the
pancreatic proteases present in the gut lumen and faeces [15]. The activity in the colon may
contribute to colonic generation of sphingolipid metabolites that have been ascribed an
antitumour effect [9, 33, 34]. By inference, the reduced Alk-SMase in the colon by bile diversion

may be of interest to further delineate its potential implications in colonic tumorigenesis or



tumour promotion. Two previous studies showed an increased proliferation and tumorigenesis in
the gut by pancreaticobiliary diversion in animal studies [35, 36].

Decrease luminal activities of Alk-SMase and N-CDase may have secondary effects on
cholesterol absorption. Even in intact rats with normal bile salt levels [20] and in studies on
Caco2 cells with micellar solutions [37], SM was shown to inhibit cholesterol absorption,
probably related to its strong physical interaction with sterols. A decreased capacity of luminal
hydrolysis of SM may enhance the poor micellar solubilization of cholesterol in bile salt
deficiency, a condition where the cholesterol absorption is very low. Field and co-workers
reported that SMase influences both cholesterol absorption [38] and secretion of apoB containing
lipoproteins in Caco2 cells [39], providing another potential link between SM metabolism and the
effects of biliary drainage on lipoprotein secretion in the gut.

In conclusion, bile diversion significantly lowers Alk-SMase and N-CDase in the gut
lumen. This, in combination with the deficient activation of the enzymes in the absence of bile
salts, may significantly decrease production of sphingolipid metabolites, which may have
implications in intestinal cell proliferation and cholesterol absorption. The present data also
indicate that the absorption of SM in cholestatic conditions is not just compromised by reduced

hydrolytic capacity, but additionally by impaired release of the enzyme to the lumen.
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Figure legend

Fig 1. Changes of SMase in the intestinal content (upper panel) and mucosa (lower panel). The
whole intestinal tract was removed from the control and the bile diversion rats. The intestinal
content was washed out in 30 ml washing buffers and the mucosa was scraped and homogenised
in 10 ml of lysis buffer. The acid, neutral and alkaline SMase activities in both the content and
the mucosa were determined using ['*C-SM] as substrate. Results are from 4 rats in each group. *

p<0.05, ** p<0.01 and *** p<0.001 compared with the control.

Fig. 2. Western blotting of Alk-SMase in the intestinal content (upper panel) and mucosa (lower
panel). 50 pl of intestinal content or 75 pg of proteins from mucosal homogenate were subjected
to 10% SDS-PAGE and transferred to a nitrocellulose membrane, followed by incubation with
anti-human Alk-SMase antibody (1:5000) and anti-rabbit IgG antibody conjugated with
horseradish peroxidase. The Alk-SMase bands were identified by ECL advance reagents and the
remitted light was recorded on Kodak X-ray film.

Fig. 3. Changes of neutral ceramidase activity in the intestinal content (upper panel) and mucosa
(lower panel). The small intestine was removed from the control and the bile diversion rats. The
intestinal content was washed out in 30 ml washing buffers and the mucosa was scraped and
homogenised in 10 ml of lysis buffer. The neutral ceramidase activities in both the content and
the mucosa were determined using [*H] C8-ceramide as substrate. Results are from 4 rats in each

group. ** p<0.01 and *** p<0.001 compared with the control rats.

Fig. 4. Changes of aminopeptidase N activity in the intestinal content (upper panel) and mucosa
(lower panel). The small intestinal content from the animals was washed out in 30 ml buffer and
the mucosa was scraped and homogenized in 10 ml lysis buffer. The activity of aminopeptidase
in both content and mucosa were determined using alanine-p-nitroanilide as substrate. Results are

from 4 rats in each group. * p<0.05 compared with the control rats.
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Table 1. Changes of sphingomyelinase activity in colonic mucosa induced by bile diversion

Alk-SMase N-SMase A-SMase

(pmole/h/mg) (pmole/h/mg) (pmole/h/mg)
Control 580 + 240 348+ 7.8 196 + 39.8
Bile diversion 290 + 60 48.5+6.3 257 +41.8

The colonic mucosa from control and the bile diverted rats were scraped, homogenized and
sonicated. After centrifugation the activities of acid SMase (A-SMase), neutral SMase (N-SMase)

and alkaline SMase (Alk-SMase) were determined. N=4 in each group.

Table 2. Changes of sphingomyelinase activity in faeces after bile diversion

Alk-SMase N-SMase A-SMase

(pmole/h/mg) (pmole/h/mg) (pmole/h/mg)
Control 1140 + 210 107+ 124 113 +29
Bile diversion 370 + 60* 95.0+279 121 +15.7

The faecal samples from control and the bile diverted rats were collected, dried and homogenized
as described in the Method section. After centrifugation the activities of acid SMase (A-SMase),
neutral SMase (N-SMase) and alkaline SMase (Alk-SMase) in the supernatant were determined.

N=4 in each group. * p<0.05 compared with control.
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