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Abstracts

We investigated the effects of UDCA on sphingomyelinase (SMase) in Caco 2 cells cultured
under monolayer and polarized conditions. Alkaline SMase activity was high in polarized
cells whereas acid and neutral SMase activities were high in monolayer cells. In polarized
cells UDCA increased alkaline SMase expression and caspase 3 activity but had no effect on
acid and neutral SMases. In monolayer cells, UDCA reduced both acid and neutral SMase
activities, inhibited cell proliferation, but had little effect on alkaline SMase and caspase 3
activities. In conclusion, UDCA differentially affects SMase activity, cell proliferation, and

apoptosis in colonic cells, depending on the cell conditions.
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1. Introduction

Ursodeoxycholic acid (UDCA) is a type of bile salt naturally occurring in human bile in
a relatively small amount. A novel chemopreventive effect of UDCA against colonic
carcinogenesis was first identified by Earnest et al in an animal study [1] and confirmed by
others in both animal and human studies [2,3]. The mechanism underlying the anticancer
effects of UDCA is not fully understood, and multiple molecules that are effected by UDCA
have been reported, including Cox 2, phospholipase A , cycline D, E-cadherin, and Ras
[2,4,5].

Sphingomyelin (SM) metabolism generates multiple lipid messengers such as
ceramide, sphingosine and sphingosine-1-phosphate which regulate cell proliferation and
apoptosis [6,7]. A particular link between SM and colon cancer has been indicated. SM was
found to be accumulated and ceramide reduced in precancer lesions and cancer tissues in either
animal models or human beings [8,9]. Supplement of SM and other sphingolipids in the diet
could inhibit the formations of aberrant crypt foci and carcinomas in animals treated with a
chemical carcinogen [10]. Since SM and glycosphingolipids can not be absorbed intact [11],
the hydrolysis of sphingolipids in the gut may be a prerequisite for their anticancer effects. In
the intestinal tract, there are at least three types of SMase called acid, neutral and alkaline
SMase. The acid and neutral SMases are common enzymes whereas alkaline SMase is
specifically present in the intestinal mucosa as an ecto enzyme with the highest hydrolytic
capacity among these SMases [12-14]. The alkaline SMase has been shown to be significantly
decreased in both precancer lesions such as ulcerative colitis [15] and in colonic
adenocarcinoma [16]. A mutation of the enzyme caused by an alternative splicing which
inactivates the enzyme has been identified in HT 29 cells but not in Caco-2 cells [17]. Caco-2
cells cultured in monolayer conditions express little alkaline SMase and the expression

increases significantly in polarized conditions undergoing differentiation [17].



We reported previously that feeding rats UDCA significantly increased alkaline SMase
activity in the colonic mucosa in positive correlation with the activity of caspase 3, a key
enzyme for apoptosis [18]. In the present study, we examined the direct effect of UDCA on
three types of SMase in Caco-2 cells cultured in both monolayer and polarized conditions.

2. Materials and methods

2.1 Materials UDCA (purity >98%) was provided by Dr. Falk Pharma GmbH
(Freiburg, German). SM was purified from bovine milk and labelled with [**C-CHs] choline
([**C-SM]) at Astra Zeneca (Stockholm, Sweden). Anti-human alkaline SMase antibody was
developed in AgriSera AB (Vannéas, Sweden) using purified human alkaline SMase as an
antigen [13]. All cell culture mediums and other chemicals used were purchased from Sigma
Co. (Stockholm, Sweden).

2.2 Cell cultures The Caco 2 cells were cultured in both monolayer and polarized
conditions as described [17]. The monolayer cells at about 70% confluence were stimulated
with UDCA for 3 days. The polarized cells were cultured in filter inserts (1.0 um , BD Falcon,
Bedford, USA) in a 6-well plate. At day 14 when the cells were confluent and started
polarization, UDCA was added in the cultured medium and the cells were further cultured for 3
days. Both monolayer and polarized cells were scraped, centrifuged, washed, and lysed in
lysis buffer as described previously [17]. The lysate was centrifuged at 20,000 g for 10 min
and the supernatant was used for biochemical analysis and Western blotting.

2.3 SMase assays The activities of three types of SMases were determined with
different buffers as described previously [19]. Alkaline SMase assay was assayed in 50mM
Tris-HCI buffer, pH 9.0, containing 0.15M NaCl, 2 mM EDTA, and 6 mM taurocholate.
Neutral SMase was assayed in 50 mM Tris buffer containing 2 mM MgCl,, 0.15 M NacCl, and
0.12% Triton X 100, pH 7.5. Acid SMase was assayed in 50 mM Tris-maleate buffer

containing 0.15 NaCl and 0.12% Triton X 100, pH 5.0. For each determination, 5ul sample



was mixed with 95 pl of buffer and 0.80 uM [ **C]-SM and incubated at 37 °C for 30 min.
The reaction was terminated by adding 0.4 ml of chloroform/methanol (2:1) and the cleaved
phosphocholine in the upper phase was counted by liquid scintillation.

2.4 Western blotting Western blotting of alkaline SMase was performed as described
[13]. Fifty microgram of proteins were subjected to 10% SDS PAGE and transferred to a
nitrocellulose membrane by electrophoresis. After washing and blocking, the membrane was
probed with anti-human alkaline SMase antibody (1:500) and then with a second antibody
conjugated with alkaline phosphatase (1:2000). Colour development was carried out by a kit
from Bio-Rad. For a loading control, parallel Western blotting was performed and the
membrane was blotted with anti-actin antibody.

2.5 Assay caspase 3 activity and cell proliferation Caspase 3 activity was determined
using N-acetyl-Asp-Glu-Val-Asp-pNa as substrate in 50 mM Hepes buffer containing 100 mM
NaCl, 0.1% CHAPS, 10 mM DTT, 0.1 mM EDTA, 10% glycerol, pH 7.4 [20]. The cell
proliferation was assayed by the cleavage of tetrazolium salt (WST-1 regent) to formazan by
mitochondria dehydrogenase as described previously [20]. The protein was assayed by a kit
from Bio-Rad using serum albumin as a standard.

2.6 Statistical analysis The results are present as Mean + standard error obtained from
duplicate determinations in at least 3 separate experiments. The statistical significance was
determined by Student t test and p<0.05 was considered to be statistically significant.

3. Results

3.1 Effects of UDCA on alkaline SMase As shown in the top panel of Fig. 1, alkaline
SMase activity was much lower in monolayer cells than in polarized cells. UDCA increased
the activity of alkaline SMase in polarized cells dose-dependently, with 75% increase obtained
by 0.5 mM UDCA. UDCA at concentrations less than 0.5 mM had no effect on monolayer

cells, and 1 mM UDCA only induced a slight increase of alkaline SMase activity. The



increased activity in polarised cells may duo to an enhanced expression, as Western blotting
showed that UDCA at 0.5 mM increased the alkaline SMase protein in the polarized cells
(lower panel). For monolayer cells, Western blot showed very faint bands of alkaline SMase
and the changes were not detectable after UDCA stimulation (data not shown).

3.2 Effects of UDCA on acid and neutral SMases As shown in Fig. 2, acid SMase
activity in monolayer cells was 3.6 fold higher than in polarized cells. Similar phenomenon
was found for neutral SMase. UDCA decreased both acid and neutral SMase activities in
monolayer cells dose-dependently. The effects were much smaller for polarized cells, and 1
mM UDCA only caused 20% decrease in acid SMase activity but not neutral SMase activity.

3.3 Effects of UDCA on caspase 3 activity and cell proliferation The effects of UDCA
on caspase 3 activity are shown in the top panel of Fig. 3. UDCA increased caspase-3 activity
markedly in polarized cells but not in monolayer cells. At high concentration (1 mM), UDCA
even reduced caspase 3 activity in monolayer cells. The low panel shows that UDCA inhibited
cell proliferation in monolayer cells. The effects of UDCA on cell proliferation under polarized
conditions were not studied since the cells were confluent on the filter insert already before
UDCA stimulation.

4. Discussion

The present work demonstrates that the activities of SMases in the colon varied
significantly with the conditions of the cells. Alkaline SMase activity was high in polarized
cells whereas acid and neutral SMase activities were high in monolayer cells. UDCA affected
SMase activities, cell proliferation, and apoptosis, depending on the cell conditions, stimulating
alkaline SMase expression and apoptosis in polarized cells, and inhibiting acid and neutral
SMase activities and cell proliferation in monolayer cells.

Human colon cancer Caco-2 cells can be cultured conventionally in monolayer

conditions or in an insert filter which allows the cells to undergo differentiation and



polarization [21]. The polarized cells resemble the matured absorptive enterocytes on the
microvilli, which under normal conditions are shortly alive and are destined to apoptosis.
UDCA increased the activity of caspase 3, the executor of apoptosis [22], in polarized cells,
indicating that UDCA is able to stimulate the apoptotic process of the matured epithelial cells.
Alkaline SMase is the major SMase in the intestinal tract that hydrolyses both endogenous and
exogenous SM in the intestinal lumen and generates ceramide, the important lipid messenger
with anticancer properties [6.7]. The increased alkaline SMase expression by UDCA may
contribute to the changes of caspase 3, as ceramide has been shown to be able to activate
caspases, and a positive correlation between alkaline SMase activity and caspase 3 activity has
been demonstrated [18,23]. In contrast to the polarized cells, UDCA did not show a decent
effect on either alkaline SMase or caspase 3 in monolayer cells. We previously reported that
little alkaline SMase was expressed in Caco-2 cells cultured in monolayer conditions and the
expression increased significantly in polarized cells associated with differentiation [17],
indicating that some unknown factors that are present in differentiated Caco-2 cells are
required for triggering the expression of alkaline SMase. UDCA can not markedly enhance the
expression of alkaline SMase in monolayer cells where the prerequisite factors are absent. Of
interest is the finding that UDCA, although did not activate caspase 3 in monolayer cells,
inhibited the cell proliferation. The monolayer Caco 2 cells resemble the non-differentiated
enterocytes migrating up on the crypts with rapid division. The finding indicates that UDCA
can inhibit the migration and division of the enterocytes along the crypts. In association with
such an inhibition, UDCA dose-dependently reduced acid and neutral SMase activities.
Whether the reduced activities are contributable to the changed cell proliferation is unknown.
Although ceramide can be generated by any types of SMase, the biological functions of
ceramide vary with how and where it is generated and which pathway it activates [24]. High

concentration of acid SMase is probably in favour of cell survival as the basal activity is much



higher in monolayer cells under growing than in polarized cells awaiting apoptosis as shown in
this paper. In agreement to this hypothesis, we have shown that the expression of acid SMase
was enhanced by high fat diet, the noxious factor for colon cancer in vivo [23] and inhibited by
anticancer compounds such as ursolic acid in vitro [25].

Finally, the concentrations used in this study is compatible with others, but the
relevance of the doses to in vivo situations is hard to estimate. The normal dose of UDCA for
patients with liver diseases is 12-15 mg/kg, i.e. about 3 mmole for a person with 75 kg body
weight. The exact concentration of UDCA in the colon in these patients is unknown. UDCA is
highly hydrophilic and has protective effect on intestinal mucosa. Animal study showed that
concentration of UDCA in the colon can be significantly increased by 7-sulfate conjugation

without induction of toxic effect [22].

Acknowledgement

The work was supported by Swedish Cancer Society, Swedish Research Council,
Albert Pahlsson Foundation, Crafoord Foundation, Gunnar Nilsson Cancer Foundation, Lund
University Hospital Research Foundation in Sweden and grants from Dr. Falk Pharma GmbH,

Freiburg, in Germany.



Reference

[1]

[2]

(3]

[4]

[5]

[6]

D.L. Earnest, H. Holubec, R.K. Wali, C.S. Jolley, M. Bissonette, A.K. Bhattacharyya,
H. Roy, S. Khare, T.A. Brasitus, Chemoprevention of azoxymethane-induced colonic
carcinogenesis by supplemental dietary ursodeoxycholic acid. Cancer Res. 54 (1994)
5071-5074.

T. Ikegami, Y. Matsuzaki, J. Shoda, M. Kano, N. Hirabayashi, N. Tanaka, The
chemopreventive role of ursodeoxycholic acid in azoxymethane- treated rats: suppressive
effects on enhanced group 11 phospholipase A2 expression in colonic tissue. Cancer Lett.
134 (1998) 129-139.

D.S. Pardi, E.V. Loftus, W.K. Kremers, J. Keach, K.D. Lindor, Ursodeoxyc holic acid as
a chemopreventive agent in patients with ulcerative colitis and primary sclerosing
cholangitis. Gastroenterology 124 (2003) 889-893.

R.K. Wali, S. Khare, M. Tretiakova, G. Cohen, L. Nguyen, J. Hart, J. Wang, M. Wen, A.
Ramaswamy, L. Joseph, M. Sitrin, T. Brasitus, M. Bissonnette, Ursodeoxycholic acid and
F(6)-D(3) inhibit aberrant crypt proliferation in the rat azoxymethane model of colon
cancer: roles of cyclin D1 and E-cadherin. Cancer Epidemiol. Biomarkers Prev. 11
(2002) 1653-1662.

S. Khare, S. Cerda, R.K. Wali, F.C. von Lintig, M. Tretiakova, L. Joseph, D. Stoiber, G.
Cohen, K. Nimmagadda, J. Hart, M.D. Sitrin, G.R. Boss, M. Bissonnette,
Ursodeoxycholic acid inhibits Ras mutations, wild-type Ras activation, and
cyclooxygenase-2 expression in colon cancer. Cancer Res. 63 (2003) 3517-3523.

Y.A. Hannun, R.M. Bell, Functions of sphingolipids and sphingolipid breakdown

products in cellular regulation. Science 243 (1989) 500-507.



[7]

[8]

[9]

[10]

[11

[12]

[13]

[14]

R.K. Kolesnick, Sphingomyelin and derivatives as cellular signals. Prog. Lipid Res. 30
(1991) 1-38.

T.A. Brasitus, P.K. Dudeja, R. Dahiya, Premalignant alterations in the lipid composition
and fluidity of colonic brush border membranes of rats administered 1,2
dimethylhydrazine. J. Clin. Invest. 77 (1986) 831-840.

M. Selzner, A. Bielawska, M.A. Morse, H.A. Rudiger, D. Sindram, Y.A. Hannun, P.A.
Clavien, Induction of apoptotic cell death and prevention of tumor growth by ceramide
analogues in metastatic human colon cancer. Cancer Res. 61 (2001) 1233-1240.

H. Vesper, E.M. Schmelz, M.N. Nikolova-Karakashian, D.L. Dillehay, D.V. Lynch,
A.H. Jr. Merrill, Sphingolipids in food and the emerging importance of sphingolipids to
nutrition. J. Nutr. 129 (1999) 1239-1250.

A. Nilsson, E. Hertervig, R.D. Duan, (2003) Digestion and absorption of sphingolipids in
food. In van Nieuwenhuyzen, W. (ed.), Nutrition and Biochemistry of phospholipids.
AQOCS Press, Champaign, pp. 70-79.

A. Nilsson, The presence of sphingomyelin- and ceramide-cleaving enzymes in the small

intestinal tract. Biochim. Biophys. Acta 176 (1969) 339-347.

R.D. Duan, Y. Cheng, G. Hansen, E. Hertervig, J.J. Liu, I. Syk, H. Sjéstrom, A. Nilsson,
Purification, localization, and expression of human intestinal alkaline sphingomyelinase.
J. Lipid Res. 44 (2003) 1241-1250.

R.D. Duan, T. Bergman, N. Xu, J. Wu, Y. Cheng, J. Duan, S. Nelander, C. Palmberg, A.
Nilsson, Identification of Human Intestinal Alkaline Sphingomyelinase as a Novel Ecto-
enzyme Related to the Nucleotide Phosphodiesterase Family. J. Biol. Chem. 278 (2003)

38528-38536.

10



[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

U. Sjoqvist, E. Hertervig, A. Nilsson, R.D. Duan, A. Ost, B. Tribukait, R. Lofberg,
Chronic colitis is associated with a reduction of mucosal alkaline sphingomyelinase
activity. Inflamm. Bowel Dis. 8 (2002) 258-263.

E. Hertervig, A. Nilsson. L. Nyberg, R.D. Duan, Alkaline sphingomyelinase activity is
decreased in human colorectal carcinoma. Cancer 79 (1996) 448-453.

J. Wu, Y. Cheng, A. Nilsson, R.D. Duan, ldentification of one exon deletion of intestinal
alkaline sphingomyelinase in colon cancer HT-29 cells and a differentiation-related
expression of the wild-type enzyme in Caco-2 cells. Carcinogenesis 25 (2004) 1327-
1333.

Y. Cheng, H.T. Tauschel, A. Nilsson, R.D. Duan, Administration of ursodeoxycholic
acid increases the activities of alkaline sphingomyelinase and caspase-3 in rat colon.
Scand. J. Gastroenterol 34 (1999) 915-920.

R.D. Duan, A. Nilsson, Sphingolipid hydrolyzing enzymes in the gastrointestinal tract.
Methods Enzymol. 311 (2000) 276-286.

J.J. Liu, A. Nilsson, S. Oredsson, V. Badmaev, W.Z. Zhao, R.D. Duan, Boswellic acids
trigger apoptosis via a pathway dependent on caspase-8 activation but independent on
Fas/Fas ligand interaction in colon cancer HT-29 cells. Carcinogenesis 23 (2002) 2087-
2093.

M.D. Peterson, M.S. Mooseker, Characterization of the enterocyte-like brush border
cytoskeleton of the C2BBe clones of the human intestinal cell line, Caco-2. J. Cell Sci.
102 (1992) 581-600.

H.R. Stennicke, G.S. Salvesen, Properties of the caspases. Biochim. Biophys. Acta 1387

(1998) 17-31.

11



[23]

[24]

[25]

Y. Cheng, L. Ohlsson, R.D. Duan, Psyllium and fat in diets differentially affect the
activities and expressions of colonic sphingomyelinases and caspase in mice. Br. J. Nutr.
91 (2004), 715-723.

T. Levade, J.P. Jaffrézou, Signalling sphingomyelinase:which, where, how and why?
Biochim. Biophys. Acta 1438 (1999)1-17.

D. Andersson, J.J. Liu, A. Nilsson, R.D. Duan, Ursolic acid inhibits proliferation and
stimulates apoptosis in HT29 cells following activation of alkaline sphingomyelinase.

Anticancer Res. 23 (2003) 3317-3322.

12



Fig 1.

Alk-SMase

Actin

Alkaline SMase activity

750+

A
(@]
?

(pmole/h/mg)
N
2

Nnl=171 |

—1Control

E=51 0.25 mM *x
0.5 mM

I 1.0 mM *

*

Monolayer Polarized

13



Fig.
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Fig. 3.
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Figure legend

Fig. 1. Effects of UDCA on alkaline SMase. In the upper panel, both monolayer and polarized
cells were treated with UDCA for 3 days. The cell-free extracts were prepared and
alkaline SMase activity determined. * P<0.05, **P<0.01 compared with control. In
the lower panel are Western blottings of alkaline SMase in polarized cells treated with
and without UDCA. Results from 3 pair samples are demonstrated. C: control, U:
UDCA treated. Western blotting of actin was used as a loading control.

Fig. 2. Effects of UDCA on acid and neutral SMase activities. Both monolayer and polarized
cells were incubated with UDCA for 3 days. The activities of acid (upper panel) and
neutral SMase (lower panel) were determined.* P< 0.05, ** P<0.01, *** P<0.001
compared with control.

Fig. 3. Effects of UDCA on caspase 3 activity and cell proliferation. In the upper panel,
caspase 3 activity was determined in both monolayer and polarized cells treated with
UDCA. In the lower panel, monolayer cells were incubated with UDCA for 3 days
and the cell proliferation was determined. * P<0.05, ** P<0.01, *** P <0.001
compared with control.

16



