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Effects of phospholipids on
sphingomyelin hydrolysis induced by
Intestinal alkaline sphingomyelinase:
An In vitro study

Jian-Jun Liu, Ake Nilsson, and Rui-Dong Duan

Department of Cell Biology 1, Department of Medicine, University Hospital of Lund,
Lund, Sweden

Digestion of dietary sphingomyelin (SM) is catalyzed by intestinal alkaline sphingomyelinase (SMase) and may
have important implications in colonic tumorigenesis. Previous studies demonstrated that the digestion and
absorption of dietary SM was slow and incomplete and that the colon was exposed to SM and its hydrolytic
products including ceramide. In the present work, we studied the influences of glycerophospholipids and
hydrolytic products of phosphatidylcholine (PC; i.e., lyso-PC, fatty acid, diacylglycerol, and phosphorylcholine)
on SM hydrolysis induced by purified rat intestinal alkaline SMase in the presence of 10 mM taurocholate. It was
found that various phospholipids including PC, phosphatidylserine (PS), phosphatidylinositol (P1), phosphati-
dylethanolamine (PE), and phosphatidic acid (PA) inhibit alkaline SMase activity in a dose-dependent manner,
with the degree of inhibition being in the order PAPS> Pl > PC > PE. Similar inhibition was also seen in

a buffer of pH 7.4, which is close to the physiologic pH in the middle of the small intestine. When the effects of
hydrolytic products of PC were studied, lyso-PC, oleic acid, and 1,2-dioleoyl glycerol also inhibited alkaline
SMase activity, whereas phosphorylcholine enhanced SMase activity. However, in the absence of bile salt, acid
phospholipids including PA, PS, and Pl mildly stimulated alkaline SMase activity whereas PC and PE had no
effect. It is concluded that in the presence of bile salts, glycerophospholipids and their hydrolytic products inhibit
intestinal alkaline SMase activity. This may contribute to the slow rate of SM digestion in the upper small
intestine. (J. Nutr. Biochem. 11:192-197, 2000) Elsevier Science Inc. 2000. All rights reserved.

Keywords: sphingomyelin digestion; alkaline sphingomyelinase; phosphatidylcholine; phosphatidylinositol;
phosphatidylethanolamine; phosphatidylserine; phosphatidic acid; diacylglycerol; fatty acid; phosphorylcholine

Introduction the number of aberrant colonic crypt foci and to decrease
the proportion of carcinomas to adenomas induced by
1,2-dimethylhydrazin&.” A significant decrease in sphin-
gomyelinase (SMase) activity has been recently demon-
strated to be associated with human colonic adenoma,
carcinoma, and adenomatous polypdsis.

SM is hydrolyzed by SMase and at least three types of
SMase have been identified based on their optimal pH
values. Acid SMase is a lysosomal enzyme with an optimal
pH of 4.5, and neutral SMase is a membrane-bound enzyme
with an optimal pH of 7.3° Both acid and neutral SMases
are common intracellular enzymes and it is unlikely that
Address correspondence to Dr. Rui-Dong Duan, Department of Cell -thelr role n SM dl_gestl_o_n n the IntESt-mal I-umen are
Biology 1, EB-Blocket, University Hospital of Lund, S-221 85 Lund, important. Nllssoﬁl identified in b.Oth rat mtestlna_l tract

and human intestinal content a unique SMase, which was a

Sweden
Received September 22, 1999; accepted January 5, 2000. brush-border enzyme and preferred an alkaline pH of 9.0.

Sphingomyelin (SM) is not only a constituent of cell
membranes but also a dietary component. In milk and most
dairy products, SM is the major phospholipid, the amount
being equal to or higher than that of phosphatidylcholine
(PC)13SM is also present to a considerable extent in eggs,
meat, and fis.Recent studies have indicated that digestion
of SM may have important implications in colonic tumori-
genesi$. Administration of SM has been shown to reduce
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The intestinal alkaline SMase is present in both the intesti-

)

nal mucosa and lumen, with the peak activity localized in _2

the distal part of jejunum??3Bile and bile salt have been  +=

: . ; . c

shown to be able to dissociate the enzyme from intestinal o

mucosa into the lumet: Animal studies have demonstrated ~ ©
that digestion of dietary SM occurs mainly in the middle . 100

and lower parts of the small intestine where alkaline SMase ©

activity is high, indicating an important role of the enzyme
in SM digestiont®

Hydrolysis of dietary SM in the intestinal tract is
characterized as a slow and incomplete process. Three hours
after ingestion of lumol sphingosine-labeled SM, 22 to
42% of the radioactivity could be found in the intestinal
content, of which 75 to 85% was nonhydrolyzed $M.
Twenty-four hours after feeding ratsyfg *“C-steroyl-SM,
10 to 15% of the radioactivity still could be found in feces
as intact SM® This finding was also described by Schmelz
et al'”in an in situ study. The factors that limit the rate of
digestion of SM have not been characterized. Obviously, the
amount of the enzyme available and luminal factors may be
important. In the present study, we investigated the role of
glycerophospholipids on SM hydrolysis using purified rat
intestinal alkaline SMase. We found that phospholipids
inhibited the catalytic activity of alkaline SMase, which
may contribute to the delay in hydrolysis of SM in the Concentration(uM)
intestinal tract.
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Figure 1 Effects of phospholipids on intestinal alkaline sphingomyeli-
nase (SMase) activity. Different amounts of phosphatidylcholine (PC),
phosphatidylinositol (Pl), phosphatidylethanolamine (PE), phosphatidic

i acid (PA) and phosphatidylserine (PS) dissolved in chloroform:methanol
Materials and methods (2:1) were added to test tubes and dried under nitrogen. Alkaline assay
Materials buffer (pH 9.0) was added followed by sonication. Alkaline SMase and

14C-choline-labeled sphingomyelin were added thereafter. The alkaline
Rat intestinal alkaline SMase was purified from rat intestinal SMase activity was determined and activity in the absence of any
mucosa as described elsewh&eM was purified from bovine phospholipids was taken as 100%. Similar results were obtained from
milk as previously describé8and was provided by Lena Nyberg ~ tWo additional experiments.
at the Swedish Dairies’ Association. The purified SM was then
labeled with*“C-choline ¢“C-SM) according to the method of _ o o _
StoffeP° and the specific activity was 5aCi/mg. Taurocholate ~ Preparation of phospholipid, oleic acid, and 1,2-dioleoyl glyc-
(TC), dioleoyl PC, phosphatidylinositol (PI; from soybean), phos- €rol solutions. All phospholipids including PC, PE, PI, PS, PA,
phatidylethanolamine (PE; from pig liver), phosphatidylserine LPC, and 1,2-dioleoyl glycerol and oleic acid were dissolved in
(PS; from bovine brain), lysophosphatidylcholine (LPC; from chloroform:methanol (2:1) as 1 mM stock solution and stored at

soybean, contains primarily C18 unsaturated fatty acids), oleic ~20°C. Phosphorylcholine was dissolved in 0.15 M NaCl in a
acid, and 1,2-dioleoyl glycerol, were purchased from Sigma concentration of 1 mM as a stock. Under the experiment, different

Chemical Co. (St. Louis. MO USA). amounts of the water-insoluble lipid solutions tested were added in
! ( uis, ) the test tubes and dried under nitrogen. The assay buffer, alkaline
SMase, and substrate SM were added thereafter. Phosphorylcho-

Methods line was directly added in the assay buffer. The hydrolysis of SM

. . . was determined as described below.
Experimental design. Two sets of experiments were performed.

In the first series of experiments, we determined the SM hydrolysis assay SM hydrolysis by intestinal alkaline SMaseln each test
induced by intestinal alkaline SMase in the presence and absenceype with the lipids tested, 7gL of assay buffer containing 30

of different concentrations of glycerophospholipids including PC, mm Tris, 0.15 M NaCl, 2 mM ethylenediamine tetraacetic acid
PE, PS, PI, and phosphatidic acid (PA). Studies were performed at(EpTA), and 10 mM TC, pH 9.0, was added followed by
pH values of 9.0 and 7.4. The former is the optimal pH of alkaline ggnication for 12 sec. Intestinal alkaline SMase (@g) in 20 mM
SMasé?! and the latter is the average pH of the middle small Tris buffer, pH 8.2, was then added in a volume ofsB. The
intestine in humané! In the second series of experiments, we reaction was started by addition BC-SM (10,000 dpm) in 2@.L
studied the effects of hydrolytic products of PC generated by the 0.15 M NaCl containing the same concentrations of bile salt. After
action of phospholipase A2 and phospholipase C on intestinal incubation at 37°C for 30 min, the reaction was terminated by
alkaline SMase activity, because PC is the most abundant form of adding 0.4 mL chloroform:methanol (2:1). Phase separation was
phospholipid in the intestinal lumen. SM hydrolysis was therefore obtained by centrifugation at 10,000 rpm for 3 sec. An aliquot of
determined in the presence of oleic acid, LPC, phosphorylcholine, the upper phase containing the released phosphorylcholine was
and 1,2-dioleoyl! glycerol at the same molar concentrations as PC.taken and the radioactivity was determined by liquid scintillation
Finally, the roles played by phospholipids in alkaline SMase counting. The procedure of SMase assay described above was
activity in the absence of bile salts were determined. based on the method of G&twith modifications as described by

J. Nutr. Biochem., 2000, vol. 11, April 193



Research Communication

=
[o]
-
c 100 A
(]
(&)
Y
(o] 80 -
X
~ T
_;- 60
>
=
($)
<
40
Q
»
«©
=
(/7] 20 A
Q
£
s -
4
= PC Pl PE pS P

Figure 2 Effects of phospholipids on alkaline sphingomyelinase
(SMase) activity at pH 7.4. Different phospholipids at 16 pM were
incubated with alkaline SMase and “C-sphingomyelin (SM) in 30 mM
Tris-HCI, containing 0.15 M NaCl, 2 mM ethylenediamine tetraacetic
acid, and 10 mM taurocholate, pH 7.4. The hydrolysis of SM was
determined. The activities of alkaline SMase in the absence of phos-
pholipids were taken as 100%. PC, phosphatidylcholine; PI, phospha-
tidylinositol; PE, phosphatidylethanolamine; PS, phosphatidylserine;
PA, phosphatidic acid.
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Figure 3 Effect of lyso-phosphatidylcholine (lyso-PC) on alkaline
sphingomyelinase (SMase) activity. Lyso-PC was added to the test
tubes and dried under nitrogen. Alkaline assay buffer (pH 9.0), alkaline
SMase, and "*C-sphingomyelin were then added. The activity of alka-
line SMase was determined and the activity in the absence of lyso-PC
was taken as 100%. Similar results were obtained from another two
determinations.

Duan and NiIssoﬂ?SimiIar experiments were performed as above acid phospholipids and the order of inhibition was largely
with a 30 mM Tris buffer containing 0.15 M NaCl, 2 mM EDTA, e same as that at pH 9.0.

and 6 mM TC, pH 7.4. When the role of phospholipids in SM
hydrolysis in the absence of bile salts were studied, different .
amounts of PC, PE, PI, and PS were added to the test tubes and=f€Cts Of_ hydrolytic prOdU‘_:tS of PC prodgged by
dried as described. Seventy-five microliters of 30 mM Tris buffer phospholipase A2 on alkaline SMase activity
containing 0.15 M NaCl and 2 mM EDTA, pH 9.0, was added,
followed by addition of alkaline SMase artdC-SM. The assay

_ PC and PE are hydrolyzed by phospholipase A2 in the
procedure thereafter was the same as described above.

intestine to generate lysophospholipid and fatty aéfdehe
effects of the hydrolytic products of PC on intestinal
alkaline SMase were studied. As shownHRigure 3 LPC

also reduced the alkaline SMase activity dose-dependently.
We then examined the effect of oleic acid, which was the
fatty acid released from the type of PC used in this
experiment. As shown irFigure 4, oleic acid up to a
concentration of .M did not influence alkaline SMase
activity. However, 16 to 64uM of oleic acid inhibited
alkaline SMase activity dose-dependently.

Results

Effects of phospholipids on the activity of alkaline
SMase

The effects of various phospholipids on the activity of rat
intestinal alkaline SMase at the optimal pH (9.0) are shown
in Figure 1 All phospholipids tested inhibited alkaline
SMase in a dose-dependent manner. PA exerted the stron
gest inhibition, followed by PS, PI, and PC. The least

effective phospholipid was PE. The molar ratio of phospho- Effects of hydrolytic products of PC produced by

lipids to SM at 50% inhibition of alkaline SMase for PE, . ; o
PC, PI, PS, and PA were approximately 294, 128, 102, 64, phospholipase C on alkaline SMase activity

and 32, respectively. Whether the inhibitory effect of Phospholipase C hydrolyzes PC to diacylglycerol and phos-
phospholipids also occurs in the pH of the intestinal lumen phorylcholine. The roles of these products were also stud-
was studied. As shown iRigure 2, all phospholipids tested ied. As shown inFigure 5 1,2-dioleoyl! glycerol inhibited

at 16 uM also inhibited SM hydrolysis induced by alkaline intestinal alkaline SMase activity and the inhibition was less

SMase at pH 7.4. The inhibitions were more pronounced for potent than that of either PC or LPC. On the contrary,
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Figure 5 Effects of dioleoyl glycerol on alkaline sphingomyelinase

Figure 4 Effects of oleic acid on alkaline sphingomyelinase (SMase)
activity. Oleic acid dissolved in chloroform:methanol (2:1) was added to
the test tubes and dried under nitrogen. The alkaline assay buffer (pH
9.0) containing alkaline SMase and '*C-sphingomyelin (SM) was added
thereafter. The SM hydrolysis in the presence of oleic acid was assayed.
Activity in the absence of oleic acid was taken as 100%. Similar results

(SMase) activity. 1,2-Dioleoyl glycerol dissolved in chloroform:methanol
(2:1) was added to the test tubes and dried under nitrogen. The alkaline
assay buffer (pH 9.0) containing alkaline SMase and '“C-sphingomyelin
(SM) were added thereafter. The SM hydrolysis was determined and the
enzyme activity in the absence of 1,2-dioleoyl glycerol was taken as
100%. Similar results were obtained from two additional experiments.

were obtained from two additional experiments.

came an area of investigatidh” However, the possible
phosphorylcholine dose-dependently enhanced the alkalindnflueénce of phospholipids on the hydrolysis of sphingolip-
SMase activity Figure 6). ids by intestinal SMase has not _been studied. In the present

study, we demonstrated that various phospholipids and their
Effect of phospholipids on alkaline SMase activity in B%ggmﬁpg;%ducai‘ hr;lli’)ioi:d'tjhcee?‘lytc)%olr))g?ssF)O?ng\)ﬂas()iluiidagg
the absence of bile salt intestinal alkaline SMase in vitro.
The intestinal alkaline SMase is bile-salt dependent and TC  The mechanism by which phospholipids inhibit alkaline
was the most effective phospholipid to activate alkaline SMase may be related to the formation of mixed micelles of
SMase'? In the absence of bile salt, the addition of PS and TC and phospholipids. Diacylglycerol, fatty acid, and vir-
Pl increased the alkaline SMase activity and the high tually all the phospholipids tested significantly inhibited
activity was maintained up to the concentration of G alkaline SMase activity in the presence of optimal concen-
(Figure 7). The maximal effect is approximately 20% of trations of TC. The inhibition by phospholipids depended
that induced by 10 mM TC. The addition of PA at a low on their polar head groups. The inhibition was in the order
concentration also enhanced alkaline SMase activity, al- of PA > PS> Pl > PC> PE, indicating that the acidity of
though to a smaller extent than Pl and PS, followed by a the phospholipids or their negative charges of phospholipids
rapid decline at higher concentration. However, the addition were also important. The inhibition occurred not only at the
of PC and PE had little effect on alkaline SMase activity. optimal pH of alkaline SMase, but also at the pH of middle
small intestine€! indicating that such inhibitions may be
physiologically relevant.

In the intestinal tract, the major phospholipid is PC.
Sphingolipids and glycerophospholipids are two major Dietary PC is derived mainly from milk and meat. The
phospholipid classes that are present in cells as membraneamounts of PC and SM in milk and most dairy products are
constituents and in the intestinal tract as dietary compo- largely equal—2In meat, PC is approximately 7 to 40 times
nents. Digestion of phospholipids, particularly PC, has been higher than SM depending on the type of m&an the
well studied whereas the digestion of SM has been ignoredintestinal tract, bile delivers a large amount of PC to the
for about 25 years since the first stutlylt was not until intestinal tract, the PC:SM ratio in bile being as high as
recently that the intestinal digestion of sphingolipids be- 24024 PE is the second most abundant phospholipid in the

Discussion
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Figure 6 Effects of phosphorylcholine on alkaline sphingomyelinase
(SMase) activity. Alkaline SMase was first added to the test tubes.
Phosphorylcholine dissolved in 0.15 M NaCl was added to the alkaline
assay buffer containing '*C-sphingomyelin (SM). The buffer was then
transferred to the test tubes and SM hydrolysis determined. SMase
activity in the absence of phosphorylcholine was taken as 100%. Similar
results were obtained from two additional experiments.

Figure 7 Effects of phospholipids on alkaline sphingomyelinase
(SMase) in the absence of bile salts. Different amounts of phospholipids
were added to the test tubes and dried under nitrogen. Intestinal
alkaline SMase and '*C-sphingomyelin (SM) were then added in the
buffer containing 30 mM Tris, 0.15 M NaCl, and 2 mM ethylenediamine
tetraacetic acid, pH 9.0. The hydrolysis of SM in the presence of

different concentrations of phospholipids were determined. PC, phos-
phatidylcholine; PI, phosphatidylinositol; PE, phosphatidylethano-
lamine; PA, phosphatidic acid; PS, phosphatidylserine. The activities in
the absence of any phospholipid were taken as 100%. Similar results
were obtained from two additional experiments.

diet and in bile. The level of PE in meat is approximately 3
to 10 times higher than that of S#Other phospholipids
such as Pl and PS occur in the diet in small amounts, but in
most dietary products their levels are higher than that of
SM. Therefore, in the intestinal tract, the total amount of
glycerophospholipids is much higher than that of SM. These and secrete SMasé$'?This concept needs to be reconsid-
phospholipids may function as inhibitors of SM hydrolysis ered. Because PC is the major species of phospholipid in the
induced by alkaline SMase. The efficient digestion of SM gut, and hydrolysis of PC as well as PE is performed mainly
may thus be delayed until most of the phospholipids have by pancreatic phospholipase A2the pancreas may en-
been hydrolyzed by phospholipases and their products suchhance the role of intestinal alkaline SMase by clearing of PC
as fatty acids, diacylglycerols, and lysophospholipids have and PE. Whether pancreatic insufficiency may also cause
been absorbed. This might be one reason why hydrolysis ofyroplems in digestion of SM might be an interesting topic
SM occurs mainly at the distal part of the jejuntmand for further investigation.

why nonhydrolyzed SM is often found in the colon and  ginajy we found that in the absence of bile salt, the

i 6
fetﬁes ?ven W?eln .fsd n S{.“alll almc;qh'isl.l 'Il'he eﬁl‘ects %fM addition of acid phospholipids such as PS, PA, and Pl at
gigggtigr??ss Lcl)nkrlﬂ)lwsn’ pH?/rderoulyzrigo;lztir(i:gc?/l)glﬁ;égrblogener— certain concentrations enhanced alkaline SMase activity.
. : ) ; .. However, the stimulatory actions were less than 20% of the
ates a high amount of fatty acids and diacylglycerols, which effect of 10 mM TC. Previous studies have shown that bile

may also inhibit SM digestion in the intestine. ) " .
We also found a stimulatory effect of phosphorylcholine salts, particularly TC, up to the critical micelle concentra-

on SM hydrolysis caused by alkaline SMase. This might be tions stimulated alkaline SMase activityThe stimulatory
important for dairy SM digestion in infants, because in effects of phospholipids may be related to their amphiphilic
human milk the level of phosphorylcholine is more than Properties, leading to the formation of vesicles. Why only
four times higher than that of SR The effects of head  acid phospholipids increase alkaline SMase activity is not
groups other than PC on SM hydrolysis were not studied, clear. Our finding is also reminiscent of previous studies
because under physiologic conditions, PC is the mostshowing that some acid phospholipids enhanced neutral
abundant form of phospholipid in the gut. SMase activity in the presence of Triton X-1€807'

The role of the pancreas in SM digestion was previously Whether the mechanisms involved are similar requires
considered not to be important, because it does not containfurther investigation.

196 J. Nutr. Biochem., 2000, vol. 11, April



Effects of phospholipids on sphingomyelin hydrolysis: Liu et al.

Acknowledgment 12

This work was supported by the grants from Swedish
Medical Research Council (12156 & 03969), the Albert 13
Pahlsson Foundation, the Crafordska Foundation, the Swed-
ish Association of Medicine, the Research Foundation of
Lund University Hospital, and Magn Berbvalls Foundation. 14
Dr. Jian-Jun Liu is a visiting scholar from Zhongshan
Hospital, Shanghai Medical University, Shanghai, China.

15

References

1

10
11

Zeisel, S.H., Char, D., and Sheard, N.F. (1986). Choline phosphati- 16
dylcholine and sphingomyelin in human and bovine milk and infant
formulas.J. Nutr. 116,50-58 17
Nyberg, L. (1998)Digestion and Absorption of Sphingomyelin from

Milk. Wallin & Dalholm Bok AB, Lund, Sweden

Holmes-McNary, M.Q., Cheng, W.L., Mar, M.H., Fussell, S., and 18
Zeisel, S.H. (1996). Choline and choline esters in human and rat milk
and in infant formulasAm. J. Clin. Nutr.64, 572-576 19
Blank, M., Cress, E.A., Smith, Z.L., and Snyder, F. (1992). Meats
and fish consumed in the American diet contain substantial amounts 20
of ether-linked phospholipidsl. Nutr. 122,1656-1661

Duan, R.-D. (1998) Hydrolysis of sphingomyelin in the gut and 21
clinical implications in colorectal tumorigenesis and other gastroin-
testinal disease$cand. J. GastroenteroB3, 673—-683

Schmelz, E.M., Dillehay, D.L., Webb, S.K., Reiter, A., Adams, J., 22
and Merrill, A.H., Jr. (1996). Sphingomyelin consumption sup-
presses aberrant colonic crypt foci and increases the proportion of 23
adenomas versus adenocarcinomas in CF1 mice treated with 1,2-
dimethylhydrazine: Implications for dietary sphingolipids and colon
carcinogenesigCancer Res56, 4936-4941 24
Schmelz, E.M., Bushnev, A.S., Dillehay, D.L, Liotta, D.C., and
Merrill, A.H., Jr. (1997). Suppression of aberrant colonic crypt foci

by synthetic sphingomyelins with saturated or unsaturated sphingoid 25
base backbonedlutr. Cancer28, 81-85

Hertervig, E., Nilsson, A., Nyberg, L., and Duan R.-D. (1996).
Alkaline sphingomyelinase activity is decreased in human colorectal 26
carcinomaCancer79, 448—453

Hertervig, E., Nilsson, A., Bjk, J., Hultkrantz, R., and Duan, R.-D.
(1999). Familial adenomatous polyposis is associated with a marked
decrease in alkaline sphingomyelinase activity; a key factor to the 27
unrestrained cell proliferatioBrit. J. Cancer81, 232—236

Spence, M.W. (1993) Sphingomyelinagelv. Lipid Res26, 3—-23

Nilsson, A. (1969). The presence of sphingomyelin- and ceramide-
cleaving enzymes in the small intestinal traBiochim. Biophys.

Acta 176,339-347

Duan, R.-D., Nyberg, L., and Nilsson, A. (1995). Alkaline sphingo-
myelinase activity in rat gastrointestinal tract: Distribution and
characterizationBiochim. Biophys. Actd259,49-55

Duan, R.-D., Hertervig, E., Nyberg, L., Tauge, T., Sternby, B.,
Lillienau, J., Faroogi, A., and Nilsson, A. (1996) Distribution of
alkaline sphingomyelinase activity in human beings and animals.
Digest. Dis. Sci41, 18011806

Duan, R.-D., Cheng, Y., Tauschel, H.-D., and Nilsson, A. (1998).
Effects of ursodeoxycholate and other bile salts on levels of rat
intestinal alkaline sphingomyelinase. A potential implication in
tumorigenesisDigest. Dis. Sci43, 26-32

Nyberg, L., Nilsson, A., Lundgren, P., and Duan, R.-D. (1997).
Localization and capacity of sphingomyelin digestion in the rat
intestinal tractJ. Nutr. Biochem8, 112-118

Nilsson, A. (1968). Metabolism of sphingomyelin in the intestinal
tract of the ratBiochim. Biophys. Actd64,575-584

Schmelz, E.M., Crall, K.J., Larocque, R., Dillehay, D.L., and
Merrill, A.H., Jr. (1994). Uptake and metabolism of sphingolipids in
isolated intestinal loops of micd. Nutr. 124,702-712

Duan, R.-D. and Nilsson, A. (1999). Enzymes hydrolysing sphingo-
lipids in gastrointestinal tracMethod. Enzymol311,276-286
Nyberg, L. and Burling, H. (1993). Methods for extracting sphingo-
myelin. SE-paten9300454-7

Stoffel, W. (1975). Chemical synthesis of choline-labeled lecithins
and sphingomyelindMethod. Enzymol355, 533-541

Watson, B.W., Meldrum, S.J., Riddle, H.C., Brown, R.L., and
Sladen, G.E. (1972). pH profile of gut as measured by radiotelemetry
capsule Brit. Med. J.2, 104-106

Gatt, S. (1976). Magnesium-dependent sphingomyelifgisehem.
Biophys. Res. Commu68, 235-241

Andersson, L., Sternby, B., and Nilsson, A. (1994). Hydrolysis of
phosphatidylethanolamine by human pancreatic phospholipase A2.
Scand. J. Gastroenterc?9, 182-187

Gottfries, A., Nilsson S., Samuelsson, B., and Scherdte(1968).
Phospholipids in human hepatic bile, gall bladder bile, and plasma in
cases with acute cholecystitScand. J. Clin. Lab. In\21,168-176
Nilsson, A. and Duan, R.-D. (1999). Alkaline sphingomyelinases
and ceramidases of the gastrointestinal tr&ttem. Phys. Lipids
102,97-105

Lister, M.D., Crawford-Redick, C.L., and Loomis, C.R. (1993).
Characterization of the neutral pH-optimum sphingomyelinase from
rat brain: Inhibition by copper Il and ganglioside GMBiochim.
Biophys. Actal165,314-320

Okazaki, T., Bielawska, A., Domae, N., Bell, R.M., and Hannun,
Y.A. (1994). Characterization and partial purification of a novel
cytosolic magnesium-independent neutral sphingomyelinase acti-
vated in the early signal transduction of 1a,25-dihydroxyvitamin
D3-induced HL-60 cell differentiation]. Biol. Chem.269, 4070—
4077

J. Nutr. Biochem., 2000, vol. 11, April 197



