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Abstract Intestinal alkaline SMase (Alk-SMase) cleaves phos-
phocholine from SM, platelet-activating factor (PAF), and lyso-
phosphatidylcholine. We recently found that colitis-associated
colon cancer was 4- to 5-fold enhanced in Alk-SMase KO mice.
Here, we further studied the pathogenesis of colitis induced by
dextran sulfate sodium (DSS) in WT and KO mice. Compared
with WT mice, KO mice demonstrated greater body weight
loss, more severe bloody diarrhea, broader inflammatory cell
infiltration, and more serious epithelial injury. Higher levels of
PAF and lower levels of interleukin (IL)10 were identified in
KO mice 2 days after DSS treatment. A greater and progressive
increase of lysophosphatidic acid (LPA) was identified. The
change was associated with increased autotaxin expression in
both small intestine and colon, which was identified by immu-
nohistochemistry study, Western blot, and sandwich ELISA.
The upregulation of autotaxin coincided with an early increase
of PAF. IL6 and TNFa were increased in both WT and KO
mice. At the later stage (day 8), significant decreases in IL6,
IL10, and PAF were identified, and the decreases were greater
in KO micelli In conclusion, deficiency of Alk-SMase en-
hances DSS-induced colitis by mechanisms related to increased
autotaxin expression and LPA formation. The early increase
of PAF might be a trigger for such reactions.—Zhang, P., Y
Chen, T. Zhang, J. Zhu, L. Zhao, J. Li, G. Wang, Y. Li, S. Xu, A.
Nilsson, and R-D. Duan. Deficiency of alkaline SMase enhances
dextran sulfate sodium-induced colitis in mice with upregula-
tion of autotaxin. J. Lipid Res. 2018. 59: 1841-1850.
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Alkaline SMase (Alk-SMase) was originally identified as
an enzyme that hydrolyzes SM to ceramide in the intestinal
tract (1). Studies with Alk-SMase KO mice have confirmed
the crucial role of the enzyme in SM digestion (2). Alk-SMase
is an ecto-enzyme that anchors on the mucosal membrane
with a short hydrophobic domain, and is released into
the lumen in an active form by bile salt and pancreatic
trypsin (3). The enzyme shares no structural similarities
with acid and neutral SMases, but belongs to the ecto-
nucleotide pyrophosphatase phosphodiesterase (NPP)
family (4). As a novel member of the family, Alk-SMase is also
called NPP7.

Further characterizations of purified and recombinant
Alk-SMase revealed that it is a phosphocholine-specific en-
zyme that cleaves the phosphocholine group not only from
SM but also from platelet-activating factor (PAF) (5) and
lysophosphatidylcholine (lyso-PC) (4). These effects ren-
der the enzyme important implications in carcinogenesis
and inflammation, because the metabolism of these sub-
strates is deeply involved in inflammation and cancer
(6-8). In line with this hypothesis, dietary SM was previ-
ously found to inhibit carcinogen-induced colon cancer in
animals (9) and progressive reduction of Alk-SMase activity
was found in patients with ulcerative colitis, sporadic ade-
nomas, colonic carcinomas, and familial adenomatous pol-
yposis (10-13). Recently, we found that colitis-associated
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colon cancer was enhanced in Alk-SMase KO mice (14),
indicating that the anticancer properties of Alk-SMase are
linked to its anti-inflammatory effects.

Considering the three major substrates of Alk-SMase,
its anti-inflammatory effect may be more closely related
to its activity against PAF and lyso-PC, which are two pro-
inflammatory phospholipids (7, 15). Increased PAF has been
found in inflammatory diseases in the intestine and liver
(16, 17). By cleaving phosphocholine from PAF, Alk-SMase
inactivates PAF and blocks PAF-induced MAP kinase activa-
tion, chemotaxis, and cytokine release (5); and by cleaving
phosphocholine from lyso-PC, Alk-SMase converts lyso-PC
to monoacylglycerol, which may decrease formation of
lysophosphatidic acid (LPA) by lysophospholipase D (LPD)
(3). LPA has emerged as a potent inflammatory factor that
activates multiple signal transduction pathways, such as
Ras, Rac, and PI3 kinase, to promote inflammation via dif-
ferent receptors (18). LPA is mainly generated by an en-
zyme called autotaxin, which was first identified as a
nucleotidase and then turned out to be an important LPD
for LPA generation (19, 20). Similar to Alk-SMase, auto-
taxin is a member of the NPP family, and is named NPP2
(21). The aim of this study was to examine the changes of
colitis induced by dextran sulfate sodium (DSS) in WT and
Alk-SMase KO mice, with particular attention paid to the
changes of PAF, LPA, and autotaxin. Our study demon-
strated that deficiency of Alk-SMase (NPP7) enhanced coli-
tis with upregulation of autotaxin (NPP2) and increased
formation of LPA and PAF.

MATERIALS AND METHODS

Animals

The Alk-SMase KO mice were generated as reported previously
(2). The genetic background of the mice was C57BL/6. Deletion by
Cre recombinase induces a shift of reading frame, which creates an
early stop codon, resulting in blocking the translation of the tran-
script at early stage. Both WT and Alk-SMase KO mice used in this
study were bred from intercross of heterozygous mice and then fur-
ther bred to get enough animals for the investigation. The genotype
and phenotype of the animals were confirmed by PCR and fecal
Alk-SMase assay, as reported before. All mice were housed in the ani-
mal facilities at Daqing campus, Harbin Medical University and fed
commercial standard pellets with free access to water. The mice
were euthanized by cervical dislocation under inhaled isoflurane
anesthesia. The experimental protocols were approved by the Ani-
mal Ethics Committee of Harbin Medical University, China.

Materials

DSS with a molecular mass of 36-50 kDa was purchased from
MP Biomedicals (Stockholm, Sweden). The Kkits for analysis of
PAF, LPA, interleukin (IL)10, IL6, and TNFa were purchased
from Cloud-Clone Corp., USA (Wuhan, China). The antibody against
autotaxin was purchased from Abcam (Shanghai, China) and the
goat against mouse IgG antibody conjugated with horseradish
peroxidase was from MXB Biotechnologies, China. The sandwich
ELISA kit for autotaxin quantification was purchased from Eche-
lon Biosciences Inc. (Salt Lake City, UT). The kit for mouse oc-
cult blood assay was purchased from ACON Biotechnologies
Company (Hangzhou, China).
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Induction of colitis by DSS and score of disease activity
index

The colitis was induced by DSS treatment as previously de-
scribed (22). At 9 weeks of age, both WT and KO mice were pro-
vided with 3% DSS dissolved in sterilized drinking water ad libitum
for 8 days. The body weight was measured every day at 9:00 AM and
the changes in percentage related to the original body weight on
day 0 were calculated. The properties of the stools and the blood
stain around the anus were examined. When no visible blood stain
was found on the stools, the occult blood tests were performed.
The disease activity index (DAI) was scored based on the weight
loss, stool consistency, and blood in stool as shown in Table 1,
which is essentially according to Maines et al. (23).

Examination of gross changes of tissues

The mice were euthanized on day 8 after DSS treatment. The
colon was removed and its length measured from the ileocecal
valve to the end of rectum. The segments were cut open and the
gross changes of the tissue, including degrees of edema, bleed-
ing, and ulceration, were examined under a dissecting micro-
scope and scored according to Table 2 (23). The liver, spleen,
and thymus were removed and their wet weights determined.

Histopathology characterization

A proximal part (1 cm) of colon was cut and fixed in 4% para-
formaldehyde, embedded in paraffin, further cut in 0.5 mm sec-
tions, and stained with H&E. The ulcerations, infiltration of
inflammatory cells, crypt loss, epithelial cell hyperplasia, goblet
cell reduction, and epithelial regeneration were examined in 10
randomly selected fields under microscopy and scored according
to Table 3 (23). For statistical analysis, the histology scores from
each observed field were summed up and multiplied with the per-
centage of the fields with positive findings.

Determinations of PAF, LPA, IL6, IL10, and TNF«a by
ELISA

To determine the changes of PAF, LPA, and cytokines, both WT
and KO mice were treated with DSS and euthanized on days 0, 2, 4,
and 8, respectively. The colon was removed, cut open longitudinally,
and rinsed with saline solution. The colonic mucosa was scraped
and homogenized in lysis buffer containing 50 mM Tris, 150 mM
NaCl, 1% Triton X-100, 1% sodium deoxycholate, 1% SDS, and 1
mM PMSF. After centrifugation, the supernatant was collected and
the levels of IL6, IL10, TNFa, PAF, and LPA were determined by
individual ELISA kits following the manufacturer’s instructions.

Immunohistochemistry study on expression of autotaxin

The animals were treated with DSS as above and euthanized on
days 0, 2, 4, and 8. A 0.5 cm-long segment was taken from the
middle of the small intestine and colon of both WT and KO mice
and fixed in 4% paraformaldehyde overnight and embedded in
paraffin. The section was deparaffinized, followed by boiling in
sodium citrate buffer (pH 6) for 20 min for antigen retrieval. The
section was incubated with anti-NPP2 antibody for 15 min and
then with goat against mouse IgG antibody conjugated with horse-
radish peroxidase for 30 min at room temperature. Diaminoben-
zidine (MXB Biotechnologies, China) was used as the chromogen.
The section was then counterstained with hematoxylin and observed
under a microscope.

Western blotting for autotaxin

To semi-quantify the autotaxin expression in the WT and KO
mice, Western blot was performed 4 days after DSS treatment;
as at this time point, expression of autotaxin was clearly demon-
strated in immunohistochemistry (IHC) studies in both small



TABLE 1.

Assessment of DAI

Score Weight Loss Stool Consistency Blood in Stool

0 None Normal pellets Negative

1 1-5% Slightly loose but in shape Hemoccult positive

2 5-10% Loose pellet Visual slightly bleeding

3 10-15% Loose feces and no shape Obyvious bleeding but no adhesion around anus

4 >15% Diarrhea Gross bleeding and blood incrustation around anus

intestine and colon, and LPA levels were significantly increased.
The mucosal tissues from both small intestine and colon were
scraped, homogenized, and centrifuged. Proteins of 50 g of
the supernatant were separated by 10% SDS-PAGE and trans-
ferred to a nitrocellulose membrane electrophoretically. After
blocking with fat-free milk, the membrane was incubated with
anti-NPP2 antibody (1:400) for 2 h, and then with goat anti-
mouse IgG antibody conjugated with horseradish peroxidase
(ZSGB-Bio, Beijing, China) for 1 h. The bands were identified
by ECL advance reagents and the remitted light was recorded
on X-ray film. The densities of the bands were measured by Image
J software (National Institutes of Health; https://imagej.nih.gov/ij/).

Determination of autotaxin by sandwich ELISA

To confirm the Western blot results, a quantitative sandwich
ELISA was employed to measure autotaxin levels in the homoge-
nates of the small intestine and colon after DSS treatment for
4 days. According to the instructions of the kit, the mucosal sam-
ples were diluted to 2 mg protein per milliliter. After adding
the samples, the reaction was incubated for 1 h at room tempera-
ture. The anti-autotaxin antibody and the secondary detector
were then added followed by incubation for an additional hour.
After stopping the reaction and color generation, the absorbance
was assayed at 450 nm. Standard samples with different concentra-
tions of autotaxin were assayed simultaneously. The levels of auto-
taxin in each sample were determined with reference of the
standard curve generated.

Statistical analysis

Statistical significance for multiple comparisons was deter-
mined by one-way ANOVA followed by Newman-Keuls analysis us-
ing Prism 5.0 (GraphPad Software). All data are presented as the
mean + SEM from at least three repeated experiments. P < 0.05
was defined as statistically significant.

RESULTS

Changes of body weight and DAI in KO and WT mice

As shown in Fig. 1A, the body weights of both WT and
the Alk-SMase KO mice were stable for the first 3 days
and started decreasing on day 4. The reduction was
greater in KO than in WT mice. At the end of the experi-
ment, the body weight had decreased by 30% in KO mice
and by 23% in WT mice. Although WT and KO mice
started showing blood stain on stool or anus on day 5,

TABLE 2. Macroscopic change score of the colitis

Score Edema Bleeding Ulceration
0 None None None

1 Mild Mild Mild

2 Moderate Moderate Moderate
3 Severe Severe Severe

bloody diarrhea rapidly occurred and became more seri-
ous in KO than in WT mice. At day 8, most stools in the
WT group were still shaped, while those in KO group
showed serious bloody diarrhea. The KO mice were also
more sluggish than the WT mice. Thus the DAI in KO
mice was significantly higher than in WT mice from day 6
to day 8 (Fig. 1B).

Macroscopic changes in KO and WT mice

Macroscopic signs of inflammation in the colon were
found in both groups, but the severity was greater in KO
than in WT mice. KO mice exhibited broader mucosal
bleeding, more extensive tissue edema, and more severe
ulceration, as shown by a pair of representative samples in
Fig. 2A. Compared with WT mice, the length of the colon
in KO mice was significantly shortened (Fig. 2B). The
more pronounced tissue edema, bleeding, and visible ul-
cerations in KO mice gave a significantly higher macro-
scopic index (Fig. 2C). The wet weights of thymus and
liver were significantly reduced and that of spleen slightly
increased (P=0.134) in KO mice compared with WT mice
(Fig. 2D).

Histopathological changes of the colon in KO and WT
mice

Histopathological characterization revealed more marked
damage of the crypts in KO mice. As shown in Fig. 3A, the
height of the mucosa in KO mice was shortened, the sur-
face was more irregular, and the destruction of the crypt
architecture was more obvious (arrowed) compared with
WT mice. Figure 3B shows detailed pathological changes
with higher magnifications. A larger number of inflamma-
tory cells and broader infiltrations, even to serosa, were ob-
served in KO mice (Fig. 3Ba, d); whereas in WT mice, the
infiltration was largely spread to muscularis (Fig. 3Bd).
Glandular hyperplasia in KO mice was more severe (Fig.
3Bb) than in WT mice (Fig. 3Bc). Diffusion of inflamma-
tory cells to blood vessels was observed in both groups [KO
(Fig. 3Bc) and WT (Fig. 3Ba)], with that in KO mice more
extensive. Figure 3Bb (WT) shows the tendency of inflam-
matory cells to form follicles. In addition, goblet cell reduc-
tion, nucleus distortion, and colonic erosion were more
obvious in KO (Fig. 3Bb) than in WT mice (Fig. 3Bc).
These changes led to higher microscopic inflammatory
scores in KO than in WT mice (Fig. 3C).

Changes of PAF and LPA in KO and WT mice

In order to find potential mechanisms for the more severe
colitis in Alk-SMase KO mice, we examined two inflammatory
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TABLE 3.

Histology score of the colitis

Changes Score Degree
Damage of epithelium 0 Morphologically normal
1 Zonal destruction of the epithelial surface
2 Diffuse epithelial destruction and/or mucosal ulcerations involving

Inflammatory cell infiltration

Goblet cell depletion

Crypt damage

Percent involvement

OO N = O W QON = O 0ON = O 0N = O W

submucosa

Severe epithelial destruction
Absence of infiltrate or fewer than five cells
Mild infiltration to the lamina propria
Moderate infiltration to the muscularis mucosae
High infiltration to the muscularis mucosae
Severe infiltration involving the submucosa
No depletion
Presence of nonorganized goblet cells
Presence of one to three areas without goblet cells
More than three areas without goblet cells
Complete depletion of goblet cells
None
One-third of crypt damaged
Two-thirds of crypt damaged
Crypts lost, surface epithelium intact
Crypts lost, surface epithelium lost

0

1-25%
26-50%
51-75%
76-100%

lysophospholipids, PAF and LPA, which are closely related
to the substrates of Alk-SMase (3). As shown in Fig. 4, be-
fore DSS treatment (day 0), the levels of PAF and LPA in
WT and KO mice were all low. However, after 2 days of DSS
treatment, PAF in the KO mice was significantly higher
than that in the WT group. The increase of PAF in WT
mice occurred later than in KO mice. The increase
reached maximal levels on day 4 in both groups and de-
clined on day 8. The levels of PAF on day 8, although low,
were still significantly higher (P<0.05) in KO mice than in
WT mice. The LPA levels increased with time in both WT
and KO mice, and the levels in KO mice were about 60%
(P<0.05) higher than those in WT mice on day 4 and 36%
(P < 0.05) higher on day 8. Because LPA is mainly pro-
duced by autotaxin, we further examined the expression
of autotaxin.

Changes of autotaxin expression in both small intestine
and colon in KO and WT mice

We first studied the expression of autotaxin by IHC
methods. The results from small intestine are shown in
Fig. 5A, and those from colon in Fig. 5B. In the small intes-
tine, before DSS treatment (day 0), there was a dispersed
weak expression (brown stains), which was identified in
the lamina propria of the villi and was most likely pro-
duced by the immune cells (arrowed) in both WT and
KO mice. On day 2, while the positive IHC staining in WT
mice was only slightly increased, that in KO mice was sig-
nificantly intensified. Expression was also found in the en-
dothelial cells of blood vessels or high epithelial venule-like
structures (arrowed). On day 4, higher expression was
found in both groups and the positive staining was mainly
displayed along the middle of the lamina propria in the
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conduit system (arrowed). As in colon (Fig. 5B), there was
no positive staining identified before DSS treatment (day
0) in either WT or KO mice, but it became clearly visible
on day 2, with the expression more intensive in KO than in
WT mice. The expression was also found in the lamina
propria region of the crypt in some types of immune cells
(arrowed). The expression of autotaxin on day 4 in the
colon was sharply increased for both WT and KO mice, the
increase in KO mice being more pronounced. Expression
in the endothelial cells of blood vessels in the colon was
also identified in both WT and KO mice (Fig. 5C). How-
ever, expression of autotaxin was not found on the surface
of the mucosa in either the small intestine or the colon.
Due to the severe damage of the colonic mucosa, the IHC
results on day 8 could not be interpreted (not shown). In
addition, Fig. 5A and B also show that on day 0, no inflam-
mation signs were identified for either WT or KO mice,
indicating that the lack of Alk-SMase alone did not induce
colitis.

To compare the intensity of autotaxin expression be-
tween WT and KO mice, Western blot for autotaxin on day
4 was performed and the densities of the bands were deter-
mined. As shown in the right panels of Fig. 6, the autotaxin
bands in KO and WT mice treated with DSS were clearly
demonstrated in both small intestine and colon, with the
expression more obvious in KO than in WT mice. The den-
sities of the bands are shown in the left panels of Fig. 6. The
autotaxin expression was approximately 98% higher in the
small intestine and 77% higher in the colon in KO mice
than in WT mice.

To confirm the semi-quantitative results from Western
blot, autotaxin was further determined by sandwich ELISA
4 days after DSS treatment of the mice (Fig. 7). In support
of the results from Western blot, the levels of autotaxin
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Fig. 1. Changes of the body weight and DAI. The animals were
treated with DSS for 8 days. The body weight was measured, stool
consistency and disease signs recorded, and DAI calculated accord-
ing to Table 1. The changes of body weight in percentage of
the original values on day 0 are shown in panel A and DAI in panel
B. N = 6 for each group. ¥*P < 0.05, *#P < 0.01, ***P < 0.005 com-
pared with WT.

were six to seven times higher in KO than in WT mice for
both small intestine and colon.

Changes of IL6, IL10, and TNFa in KO and WT mice

The changes of the cytokines, IL6, IL10, and TNFa, af-
ter DSS treatment in KO and WT mice are shown in Fig. 8.
These cytokines were low on days 0 and 2 when inflamma-
tion signs did not display. However, at this time point, no-
tably lower IL10 levels were demonstrated in KO mice
than in WT mice. DSS treatment induced increases of
both IL10 and IL6 on day 4, followed by a significant re-
duction on day 8 in both WT and KO mice, with the de-
crease in KO mice more obvious than in WT mice. TNFa
showed a time-dependent increase in both WT and KO
mice. No difference was found from day 0 to day 4, but the
levels on day 8 in KO mice were significantly lower than in
WT mice.
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Fig. 2. Macroscopic changes between WT and KO mice. The
mice were treated with DSS for 8 days. The colon was removed and
opened longitudinally. A: A representative pair of colons from WT
and KO mice showing more severe mucosal edema, bleeding, and
ulceration in KO compared to WT mice. The length of colon is
shown in panel B. The macroscopic injury scores, according to
Table 2, are shown in panel C. The differences of wet weights of
thymus, liver, and spleen are shown in panel D. N = 6 for each
group. ¥*P<0.05 and **P< (.01 compared with WT.

DISCUSSION

In the present study, we examined DSS-induced colitis
in Alk-SMase KO mice and WT mice. We found that the
deficiency of Alk-SMase significantly enhanced the in-
flammation, as shown by the greater loss of body, thymus,
and liver weights, by more severe bloody diarrhea and
mucosal injury, and by microscopic findings of crypt dis-
tortion and more intensive inflammatory cell infiltration.
Earlier studies suggested that Alk-SMase might indeed
have anti-inflammatory functions in the gut. Patients
with chronic ulcerative colitis had lowered Alk-SMase

Alk-SMase protects colonic mucosa against colitis 1845



Microscopic inflammatory scores

Fig. 3. Histopathological characterization of colons in Alk-SMase KO and WT mice. After treating the mice with DSS for 8 days, the colon
was removed and observed histopathologically. A: Representative micrographs (x40) showing more severe epithelial destruction and infiltra-
tion in KO than in WT mice (arrowed). B: Details of the pathological changes. In the B panel for WT, inflammatory cells infiltrate the dilated
and congested blood vessel (a); the large number of inflammatory cells and the tendency to form lymph follicles (b); less damaged epithelial
cells and mild glandular atypical hyperplasia (c); and less inflammatory cell infiltration to the muscularis (d). In the B panel for KO, severe
mucosal destruction, crypt damage, and intensive inflammatory cell infiltration to submucosa, muscularis, and serosa (a); severe glandular
atypical hyperplasia, goblet cell depletion, and nucleus distortion (b); intensive hemangiectasis and infiltration of inflammatory cells to
blood vessel and submucosa (c); and intensive inflammatory cells infiltrated to serosa (d). C: The histopathological scores according to Table
3. N =6 for each group. *P < 0.05 compared with WT.

activity (12), and recombinant human Alk-SMase given  of the ENPP7 gene is a feature of the immunosuppressive
rectally alleviated DSS-induced acute colitis in rats (22). response to chronic infection with enterohemorrhagic
Furthermore, it was recently reported that upregulation  Escherichia coli in calves (24). The present study provides
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Fig. 4. Changes of PAF and LPA in colonic mucosa. The animals
were treated with DSS and euthanized on days 0, 2, 4, and 8, respec-
tively. PAF and LPA in colonic mucosa were assayed by ELISA and
the results are shown in panels A and B, respectively. N = 4 for day
0, 2, and 4 observations; N = 6 for day 8 observation for both WT
and KO mice. ¥P< 0.05, *#*%P < 0.005 compared with the WT.

strong direct evidence that Alk-SMase not only plays cru-
cial roles in digestion of dietary SM (2) and cholesterol
absorption (25), but also protects intestinal mucosa
against inflammation. Thereby the results also deepen
our understanding of the finding that colitis-associated
carcinogenesis was enhanced in Alk-SMase KO mice
(14).

In relation to the potential mechanisms of the enhance-
ment of DSS colitis in the KO mice, a major finding was
the greater increase of LPA levels and the upregulation of
autotaxin in the colonic mucosa. The autotaxin-LPA axis
is an important signaling pathway in inflammation and
cancer (26). Expression of autotaxin has been identified
in several organs, including brain, placenta, ovary, respiratory
tract, and intestinal tract (27, 28). Extracellular LPA is
mainly generated by autotaxin and is an important lipid
messenger, which promotes inflammatory responses via
various G protein-coupled receptors, resulting in lympho-
cyte migration, MAPK activation, and Cox2 activation, to

list a few (18). We found that, before DSS treatment, auto-
taxin was expressed at low levels in small intestine and
hardly detectable in colon in both WT and KO mice,
which is in agreement with reports by others (27, 28). Un-
der physiological conditions, Alk-SMase is thus unlikely to
have any profound influence on autotaxin expression.
However, induction of inflammation by DSS triggered au-
totaxin expression in the colon and enhanced its expres-
sion in the small intestine, as also reported by others (29).
Our novel finding that the degree of autotaxin expression
was significantly higher in Alk-SMase KO mice than in WT
mice indicates that Alk-SMase suppresses this upregula-
tion of autotaxin by DSS. Also, the levels of LPA, i.e., the
hydrolytic product of autotaxin activity against lyso-PC, in-
creased more in the KO mice than in the WT mice. Be-
cause Alk-SMase has phospholipase C activity against
lyso-PC, more lyso-PC generated by pancreatic and muco-
sal phospholipases (30, 31) may accumulate in the KO
mice and increase substrate availability, which may thereby
contribute to increased LPA formation by the phospholi-
pase D activity of autotaxin. Whether this is so and whether
lyso-PC may induce autotaxin expression are interesting
questions for further study. Considering the strong evi-
dence for a role of autotaxin and LPA in both human in-
flammatory bowel disease (IBD) and DSS colitis (29), we
postulate that LPA signaling is an important factor behind
the more severe inflammation in KO mice found in this
study.

Interestingly, upregulation of autotaxin was also found
in the small intestine in both WT and KO mice after DSS
treatment. The changes were more obvious in KO mice
than in WT mice. Yet, there were no signs of inflamma-
tion. The finding indicates a role of alk-SMase in also
regulating autotaxin expression in the small intestine.
The reason there are no signs of inflammation in the
small intestine is likely due to the fact that DSS in the
dose used selectively induces inflammation in the colon
but not in the small intestine (32). We recently also found
that inflammation-associated tumorigenesis induced by
azoxymethane/DSS occurred only in the colon but not
in the small intestine in alk-SMase KO mice (14), al-
though signs of hypertrophy were identified in the small
intestine.

The mechanisms of the enhanced autotaxin expression
in Alk-SMase KO mice may be multiple. One interesting
finding was the marked increase of PAF that occurred on
day 2 in the KO mice, which was earlier than that in WT
mice. At this time point, increased expression of autotaxin
was clearly demonstrated in the small intestine and colon
of the KO mice (Fig. 5B). PAF is synthesized in many types
of cells, including endothelial cells and epithelial cells, in
response to inflammatory factors (33). The colon actively
synthesizes PAF, and both PAF receptors and PAF acetyl
hydrolase have been identified in colonic mucosa (34, 35).
High PAF levels have been reported in patients with IBD
and in DSS-treated animals (34, 36). The newly synthesized
PAF stimulates inflammation, which may in turn trigger
higher expression of autotaxin in the inflamed mucosa.
Based on our previous finding that PAF is one of the

Alk-SMase protects colonic mucosa against colitis 1847



A Small intestine:

B Colon:

Fig. 5. Autotaxin expression in both small intestine and colon.
The animals were treated with DSS for 2 and 4 days and the expres-
sion of autotaxin in small intestine and colon treatment was stud-
ied by IHC. A: The autotaxin expression in the small intestine. As
indicated by the arrows, the expression was weak on day 0 and in-
creased thereafter. The increase is more obvious in KO than in WT
mice. The expression is mainly in the lamina propria of villi and
vessels (arrowed). B: The autotaxin expression in the colon. Essen-
tially no positive stain was identified before DSS treatment (day 0)
in both WT and KO groups, but was obviously visible on day 2 and
day 4, with that in KO mice being more intensive than in the WT
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Fig. 6. Western blot for autotaxin (Atx) in the small intestine and
colon. The animals were treated with DSS for 4 days. Western blot
for autotaxin was performed in the homogenates of both colonic
and small intestinal mucosa. The right panels show the representa-
tive results of one experiment. The densities of the bands from all
mice were determined related to that in the WT group. N = 3 for
both WT and KO mice. *P < 0.05 compared with WT mice.

substrates of Alk-SMase, lack of Alk-SMase can cause an
early accumulation of PAF or accelerate the production of
PAF in response to inflammatory factors, as previously
speculated (3, 5).

We also examined changes of two central pro-inflamma-
tory cytokines, TNFa and IL6, and one important anti-
inflammatory cytokine, IL10, which have been thought to
play key roles in IBD. As we found a similar increase of
TNFa in both WT and KO mice, we could thus not link
increased TNFa to the more severe inflammation or the
increased autotaxin levels in the KO mice, although TNFa
was reported to stimulate autotaxin expression in some
types of human hepatocellular carcinomas (37). We also
could not link increased IL6 levels to the more severe in-
flammation and autotaxin expression in KO mice, al-
though IL6 was found to stimulate autotaxin expression in
adipocytes (38). In addition, lower levels of IL10 in Alk-
SMase KO mice were observed early in the time course.
Because IL10 is considered to be an anti-inflammatory cy-
tokine, the decreased IL10 found in this study may in-
crease sensitivity of the KO mice to DSS and thus facilitate
autotaxin expression. A limitation of the present study is
that we did not study the changes of other cytokines, par-
ticularly IL1e, IL1B, and IL4, which may also affect auto-
taxin expression (39, 40). Another limitation is that we
don’t have a clear interpretation of the decline of PAF,

group. The expression was also by endothelial and immune cells
(arrowed) in the lamina propria region of the crypt. C: The expres-
sion of autotaxin in the endothelium of blood vessels on day 4 in
WT and KO mice.
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Fig. 7. ELISA for autotaxin (Atx) in the small intestine (A) and
colon (B). The WT and KO mice were treated with DSS for 4 days.
The autotaxin levels were assayed in the homogenates of both co-
lonic and small intestinal mucosa. N = 4 for both WT and KO mice.
*P<0.05, *P< 0.01 compared with the WT mice.

IL6, and IL10 in the colonic mucosa at the late stage (day
8) when the inflammation was most severe. These reduc-
tions might be related to the severe destruction of the mu-
cosal architecture or to counter-regulatory mechanisms, as
reported and discussed previously by others (41). More
extensive studies on changes of both pro-inflammatory
and anti-inflammatory cytokines and their relation to au-
totaxin expression and LPA formation, sphingolipid me-
tabolism, and the time course for colitis development are
needed. Finally, the changes of thymus, liver, and spleen
weights shown in this study were in agreement with previ-
ous report (42), and also support more severe inflamma-
tion in KO than in WT mice. The relation between these
changes, cytokine levels, and immune cell functions re-
mains elusive.

Altogether, we found that deficiency of Alk-SMase en-
hances colitis induced by DSS, possibly via the autotaxin-
LPA pathway and an early rise in PAF. This study, thus, for
the first time, identifies an interesting cross communication
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Fig. 8. Changes of TNFa (A), IL10 (B), and IL6 (C). The animals
were treated with DSS and euthanized on days 0, 2, 4, and 8, respec-
tively. The homogenates of colonic mucosa were prepared and the
levels of TNFa, IL10, and IL6 were assayed with ELISA. N = 4 for day
0, 2, and 4 experiments; N = 6 for day 8 experiments for both WT
and KO mice. ¥P<0.05, ¥*¥P< 0.01, ¥¥*P< 0.005 compared with WT
mice at each time point.

between Alk-SMase (NPP7) and autotaxin (NPP2), and PAF
signaling, which may have important implications in inflam-
matory diseases and carcinogenesis. Bl
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