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Abstract

Serine palmitoyltransferase (SPT) is the key enzyme for the biosynthesis of sphingolipids. It has
been reported that oral administration of myriocin (an SPT inhibitor) decreases plasma
sphingomyelin (SM) and cholesterol levels, and reduces atherosclerosis in apoE knockout (KO)
mice. We studied cholesterol absorption in myriocin-treated WT or apoE KO animals and found
that, after myriocin treatment, the mice absorbed significantly less cholesterol than controls, with
no observable pathological changes in the small intestine. More importantly, we found that
heterozygous Sptlcl (a subunit of SPT) KO mice also absorbed significantly less cholesterol than
controls. To understand the mechanism, we measured protein levels of Niemann-Pick C1-like 1
(NPC1L1), ABCG5, and ABCAL, three key factors involved in intestinal cholesterol absorption.
We found that NPC1L1 and ABCAL were decreased, whereas ABCG5 was increased in the SPT
deficient small intestine. SM levels on the apical membrane were also measured and they were
significantly decreased in SPT deficient mice, compared with controls. In conclusion, SPT
deficiency might reduce intestinal cholesterol absorption by altering NPC1L1 and ABCGS5 protein
levels in the apical membranes of enterocytes through lowering apical membrane SM levels. This
may be also true for ABCA1 which locates on basal membrane of enterocytes. Manipulation of
SPT activity could thus provide a novel alternative treatment for dyslipidemia.
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1. Introduction

Lowering plasma cholesterol is important because its levels closely relate to the
cardiovascular and metabolic disorders. About 30% of plasma cholesterol is derived by
intestinal absorption [1]. It has been estimated that a 36—-37% reduction in plasma
cholesterol levels could be achieved by total inhibition of cholesterol absorption [1]
Absorption is a multi-step process in which cholesterol is micellized by bile acids and
phospholipids in the intestinal lumen, taken up by the enterocytes, assembled into
lipoproteins, and transported to the lymph and the circulation.

Accumulating evidence indicates that Niemann-Pick C1-like 1 (NPC1L1) protein plays a
key role in the influx of cholesterol into the enterocytes [2]. NPC1L1 deficiency
significantly reduces cholesterol absorption and has been shown to be the target of
ezetimibe, a well-known cholesterol absorption inhibitor, in the small intestine [3] and
probably in the liver as well [4]. After uptake, some of the cholesterol is believed to be
capable of secreting back into the intestinal lumen by means of the heterodimeric ATP-
binding cassette transporters G5 and G8 (ABCG5/G8) [5]. A majority of the cholesterol
taken up by the enterocytes are transported to the plasma. It has been shown that this process
may involve at least two pathways: apolipoprotein (apo) B-dependent, and apoB-
independent [6]. The apoB-dependent pathway requires apoB and microsomal triglyceride
transfer protein (MTP) activity [6]. Apo Al and ABCA1 have been shown to play a role in
the apoB-independent or the HDL pathway [7].

Located in the endoplasmic reticulum (ER) membranes, serine palmitoyltransferase (SPT) is
the rate-limiting enzyme in the biosynthesis of sphingolipids, including sphingomyelin (SM)
[8]. Mammalian SPT contains two subunits, Sptlc1 and Sptlc2, encoding 53- and 63 kDa
proteins, respectively [9,10]. A recent report described a third subunit, Sptlc3, an isoform of
Sptlc2. Both Sptlc2 and Sptlc3 can bind Spticl independently, so that varying the amounts
of Sptlc2 and -3 might be a cellular mechanism for adjusting SPT activity to meet tissue-
specific requirements for sphingolipids [11].

The interaction of SM, cholesterol, and glycosphingolipids drives the formation of plasma
membrane rafts [12]. These lipid rafts, formed in the Golgi apparatus, are targeted to the
plasma membranes, where they are thought to exist as islands within the sea of bulk
membranes. Despite disagreement as to their content, the rafts are considered in most reports
to comprise approximately 3500 lipid molecules and 30 proteins [13]. As much as 65% of
total cellular SM is located in these rafts [14].

The apical membrane of an intestinal cell is enriched in SM and cholesterol [15], indicative
of the presence of lipid rafts [16]. It has been proposed that lipid rafts in the enterocyte
apical membranes play an important role in cholesterol absorption and trafficking [17]. Both
NPC1L1 and ABCG5/G8 are expressed in the small intestine and localized at the enterocyte
apical surface [2,18]. It is conceivable that alteration of SM levels on this surface could
change NPC1L1 and ABCG5/G8 levels, thus influencing cholesterol absorption. Indeed,
Park et al. reported that oral administration of myriocin (a specific SPT inhibitor) in apoE
KO mice reduced not only plasma SM levels but plasma cholesterol levels as well [19].
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In this study, we utilized a pharmacological approach (myriocin treatment) and a genetic one
(Sptlcl gene knockout) to investigate the effect of SPT decreasing on cholesterol absorption.
We hypothesized that intestine-specific SPT deficiency might alter NPC1L1 and
ABCG5/G8 protein levels by directly influencing the apical surface structure of the
enterocytes, thereby reducing cholesterol absorption.

2. Materials and methods

2.1. Materials

[9,20(N)-3H]triolein was from NEN Life Science Products. [4-14C] cholesterol and
[9,20(N)-3H]oleic acid were from Amersham. [5,6-3H] sitostanol was from American
Radiolabeled Chemicals. Oleic acid (OA) was from Sigma. Dulbecco's modified Eagle's
medium (DMEM) was from Invitrogen.

2.2. Mice and diet

Male C57BL/6J and apoE KO mice with a C57BL/6J background were obtained from the
Jackson Laboratory (Bar Harbor, ME). Sptlc1 heterozygous KO mice with a C57BL/6
background were created and bred in our laboratory. Myriocin was mixed with a chow diet.
Eight- to 12-week-old WT or apoE KO (n = 6) mice received myriocin 0.3 mg/kg=/d=1 for
12 weeks. The myriocin dose was chosen from a previous dose-dependent experiment with
apoE KO mice. Controls consisted of WT or apoE KO mice fed a rodent chow diet (Purina
Rodent Chow, # 5001, from Research Diets Inc., New Brunswick, New Jersey, USA) (n =
6). Male Sptlc1 heterozygous KO (Sptlc1*/~) (n = 6) and WT mice were also fed the chow
diet. All experiment mice were under fast condition (removed food at 9:00am and perform
experiment around 2:00pm). All procedures and protocols involving the use of animals were
approved by the SUNY Downstate Medical Center Animal Care and Use Committee, and
conformed with the “Guide for the Care and Use of Laboratory Animals” published by the
US National Institutes of Health (NIH publication No. 85-23, revised 1996).

2.3. Cholesterol absorption studies

A classical fecal dual-isotope ratio method was used for the cholesterol absorption study
[6,20,21]. Briefly, a mixture of [14C]-labeled (0.1 uCi) and unlabeled cholesterol (0.5 mg)
and [3H]sitostanol (0.2 UCi) in 15 pl of olive oil was fed to mice (10-12 weeks old). Feces
were collected for 24 h. The cholesterol absorption ratio was calculated as: % absorption =
{1-[fecal(1*C/3H)] / administered (14C/3H)}x 100. In some cases, mice were sacrificed,
plasma collected, and radioactivity counted. Small intestines (from duodenum to ileum)
were washed and cut into 2 cm segments. Each of these, as well as a part of the liver, was
digested and radioactivity was counted individually.

2.4. Cholesterol uptake by primary enterocyte

The enterocyte cholesterol uptake study was carried out as we reported previously [6].
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2.5. Enterocyte lipid measurement

The total cholesterol, triglyceride, sphingomylein, and phosphatidylcholine were quantified
in lipid extracts of enterocytes using enzymatic reagents as described previously [22,23].

2.6. Tissue SPT activity assay

Mouse small intestine (0.2 g) was homogenized in 0.5 ml of 50 mM Tris—HCI, pH 7.4, 5
mM EDTA, and 250 mM sucrose. SPT activity in the homogenates was measured with
[14C]-serine and palmitoyl-coenzyme A for substrates, as previously described [24].

2.7. In situ lysenin treatment and cell mortality measurement

Overnight-fasted mice were anesthetized and small intestines were isolated from WT
animals with or without myriocin treatment, as well as Sptlcl heterozygous and control
mice. Contents of the intestinal lumen were removed and washed with buffer containing 100
mM NacCl, 5.4 mM KCI, 1 mM NaH,POy4, 26 mM NaHCO3 and 5.5 mM glucose (pH 7.4).
Intestines were turned inside-out and cut into 0.5 cm segments from jejunum. These
segments were then bathed in 0.5 ml of oxygenated DMEM containing 5% glutamine with
lysenin (5 pg/ml), or without it as a control, at 37 °C for 30 min. WST-1 cell proliferation
reagent (Roche) was added to monitor cell mortality. After continuous incubation at 37 °C
for 15 min, the solution was transferred to an Eppendorf tube and spun (12,000 rpm) to
pellet cell debris. Supernatant was then measured OD at 450 nm, a reading for viable cells
(WST-1 reagent with no cell incubation being the background reading). Buffers and medium
were gassed with 95% O,/5% CO, for 20 min, and maintained at 37 °C prior to use.

2.8. In situ lysenin staining

Overnight-fasted mice were anesthetized and small intestines were isolated from control and
Sptlcl heterozygous KO mice. Contents from the intestinal lumen were removed, washed
with buffer containing 100 MM NaCl, 5.4 mM KCI, 1 mM NaH,PQ,, 26 mM NaHCO3 and
5.5 mM glucose (pH 7.4). A 3 cm long jejunum was cut out and sealed at both ends, lysenin-
red fluorescent protein (RFP) (1 ug in 500 pl buffer) was put into the intestinal lumen. The
intestinal segments were bathed in oxygenated DMEM containing 5% glutamine at 37 °C
for 30 min, and then washed with the above buffer. Frozen sections were prepared and
lysenin-RFP binding was examined under a microscope. The lysenin-RFP, a gift from Dr.
Toshihide Kobayashi, has no toxicity but binds SM [25].

2.9. Mouse small intestine hematoxylin and eosin staining

The small intestine was dissected out and put into 4% paraformaldehyde for fixation
overnight. The tissue was paraffin-embedded. The tissue was then sliced (10 pm thick).
Each slice was deparaffinized and stained with hematoxylin and eosin.

2.10. Real-time PCR examined genes' expression

Mice were sacrificed by cervical dislocation. Jejunum was dissected, and total RNA
extracted with Trizol (Invitrogen). cDNA was synthesized with an Invitrogen kit.

Polymerase chain reaction (PCR) was performed on a total volume of 20 pl with the
sybergreen kit from Applied Biosystems, 18 S being used as an internal control. The
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amplification program consisted of activation at 95 °C for 10 min, followed by 40
amplification cycles: 95 °C for 15 s, 60 °C for 1 min. Each sample was triplicated. The
genes' relative expression was expressed as mean + SD. Mouse NPC1L1 primers: forward,
ATCCT-CATCCTGGGCTTTGC; reverse, GCAAGGTGATCAGGAGGTTGA. Mouse
ABCGS5 primers: forward, GCAGGGACCAGTTCCAAGACT; reverse,
ACGTCTCGCGCACAGTGA. Mouse ABCGS8 primers: forward, AAAGT-
GAGGAGTGGACAGATGCT; reverse, TGCCTGTGATCACGTCGAGTAG. Mouse
ABCAL primers: forward, TTGGCGCTCAACTTTTACGAA,; reverse,
GAGCGAATGTCCTTCCCCA. 18S rRNA: forward, AGTCCCTGCC-CTTTGTACACA;
reverse, GATCCGAGGGCCTCA CTAAAC.

2.11. Preparation and western blot analysis of small intestine homogenates

A total of 50-100 mg of small intestine sample was homogenized and lysed proteins were
immunoblotted, as previously described, with a polyclonal rabbit antihuman NPC1L1
antiserum 69 B, a polyclonal rabbit antimouse ABCG5 antiserum, a polyclonal antimouse
ABCAL antibody, and a monoclonal mouse anti-p-actin antibody.

2.12. Statistical analysis

3. Results

Data were expressed as mean + SD. Differences between groups were evaluated by Mann—
Whitney U test (non-parametric test). P values less than 0.05 were considered significant.

3.1. Myriocin treatment or Sptlcl deficiency significantly decreases SPT activity without
altering the epithelial structure of the small intestine

To investigate the relationship between small intestine SPT activity and cholesterol
absorption, we utilized pharmacological and genetic approaches. For the first set of
experiments: four groups (n = 6 per group) of 12-week-old male WT and apoE KO mice
were used. Groups 1 and 2 were WT mice fed a chow diet with or without myriocin for 3
weeks; groups 3 and 4 were apoE KO mice fed a chow diet with or without myriocin for 3
weeks. Myriocin-treated mice had 60 to 65% less SPT activity respectively than controls in
the small intestine (Fig. 1A and B). For the second set of experiments: male Spticl
heterozygous KO (Sptlc1*/~) mice [24] (n = 6) and WT controls (n = 6) were utilized.
Sptlc1™/~ mice had 52% less SPT activity than controls in the small intestine (Fig. 1C).
These studies indicated that myriocin treatment and Sptlc1 deficiency reduced small
intestinal SPT activity.

As shown in Table 1, myriocin treatment significantly decreased plasma SM (48%,
P<0.001) and cholesterol (37%, P<0.01) in apoE KO mice, compared with controls. On the
other hand, myriocin treatment caused no significant effect on plasma lipids, including SM,
PC, and cholesterol levels, in WT mice. As we have reported previously [24], Sptlc1*/~ and
WT mice had identical plasma lipid levels (Table 1). We also measured HMGCOoA reductase
(the key enzyme for cholesterol biosynthesis) mRNA levels in the liver from WT mice with
or without myriocin treatment, as well as apoE KO mice with or without myriocin treatment.
We did not find significant changes (Supplement Fig. 1).
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To investigate whether myriocin treatment or Sptic1*/~ had any impact on small intestine
morphology, we stained intestinal sections with hematoxylin and eosin. As shown in Fig.
2A-C, neither myriocin treatment nor Sptlc1*/~ influenced the morphology of the small
intestine. All specimens had intact villi, epithelia, enterocytes, goblet cells, and brush
borders. Therefore, SPT deficiency does not affect gross small intestinal morphology.
Moreover, neither myriocin treatment nor Sptlc1*/~ influenced body weight (data not
shown).

3.2. Myriocin treatment or Sptlcl deficiency significantly decreases cholesterol but not
triacylglycerol absorption

The observed decrease of plasma cholesterol levels in apoE KO mice after myriocin
treatment (Table 1) could be due to a defect in cholesterol absorption. To explore the
relationship between SPT deficiency and cholesterol absorption, we did studies after a single
gavage, using the conventional fecal dual-isotope ([1*C]-cholesterol/[3H]sitostanol) ratio
method. As shown in Fig. 3, there was a significant reduction in cholesterol absorption in
myriocin-treated WT (36%, P<0.01) (Fig. 3A), myriocin-treated apoE KO (50%, P<0.001)
(Fig. 3D), and Sptlc1*/~ mice (43%, P<0.001) (Fig. 3G), compared with controls.

We also monitored blood [14C]-cholesterol levels within 24 h after a single gavage. We
found that myriocin-treated WT (Fig. 3B), myriocin-treated apoE KO (Fig. 3E), and
Sptlc1*/~ mice (Fig. 3H) had significantly less [14C]-cholesterol in the circulation than
controls, confirming defective cholesterol absorption in these animals.

To investigate whether the effect of SPT deficiency was specific to cholesterol, we fed
experimental mice with 0.1 pCi [3H]triolein instead of [24C]cholesterol, and collected blood
at different time points within 4 h. No significant changes in the [3H]triolein-derived counts
in the plasma between SPT deficiency (myriocin treated or Sptic1*/~) animals and controls
were observed (Fig. 3C, F, and 1), indicating that SPT deficiency has no effect on
triglyceride absorption.

We next sought to measure the amounts of [#C]cholesterol present in the intestine and those
transported to plasma, liver, and bile in 24 h after a single bolus of radiolabeled cholesterol.
Myriocin-treated WT and apoE KO, as well as Sptlc1*/~ small intestines, plasma, livers, and
bile contained significantly less [14C]cholesterol than controls (Table 2). Lower counts in
plasma, liver, and bile indicated that SPT deficiency in mice caused less efficiency in
cholesterol absorption.

For further confirmation of the above in vivo observations, we isolated enterocytes from
myriocin-treated or Sptlc1*/~ mice, as well as controls, incubated them with radiolabeled
cholesterol for varying times, and determined cellular radioactivity. We found that myriocin-
treated or Sptlcl deficient enterocytes took up significantly less radioactivity than controls,
indicating a defect in cholesterol uptake (Fig. 4A and C). Experiments were performed to
study the uptake of [3H]oleic acid. No significant changes were observed (Fig. 4B and D).
These data indicate that myriocin treatment or Sptlcl deficiency specifically decreases
cholesterol uptake by the enterocytes.
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3.3. Myriocin treatment or Sptlcl deficiency significantly decreases small intestine apical
membrane SM levels, decreases NPC1L1 and increases ABCG5/G8 protein levels

We explored the mechanisms responsible for decreased cholesterol absorption in myriocin-
treated or Sptlc1*/~ mice. First, we measured lipid levels in enterocytes isolated from
myriocin-treated and Sptlc1*/~ mice, as well as controls. We found that myriocin-treatment
significantly decreases SM levels in enterocytes, but has no effect on cellular cholesterol,
phosphatidylcholine, or triacylglycerol levels (Table 3). We also found that Sptlc1*/~ and
WT mice have same lipid levels (Table 3). These results suggest that cellular lipid levels
may have little or no effect on the observed phenotype, i.e. decreasing cholesterol
absorption. Second, we took advantage of lysenin, a recently discovered SM-specific
cytotoxin to measure apical membrane SM levels, since lysenin can recognize SM only
when it forms aggregates or microdomains in the plasma membranes [26]. We carried out an
in situ lysenin assay: intestines were turned inside-out and cut into 0.5 cm segments from
jejunum, and these were incubated with 5 pg/ml lysenin. Cell metabolic capacity in tissue
segments was measured by adding WST-1 cell proliferation reagent. As indicated in Fig. 5A
and B, intestinal segments from myriocin-treated or Sptlc1*/~ mice showed significantly
less sensitivity to lysenin-mediated the reduction of metabolic capacity than controls,
indicating a decrease of SM levels in the apical membranes. To further investigate that
Sptlcl deficiency has impact on lysenin affinity, we cut out a 3 cm jejunum and sealed at
both ends. We then injected lysenin-RFP into the lumen of the sealed intestine which
underwent incubation at 37 °C for 30 min. We checked intestinal frozen sections and found
that Sptlc1*/~ small intestine has less lysenin-RFP binding compared with that of controls
(Fig. 5C).

We next sought to do western blot measurement of NPC1L1 and ABCG5/G8, which are
located in apical membranes of the enterocytes [2,18]. We found that myriocin treatment
significantly decreased NPC1L1 (55 + 7% and 50 + 5%, P<0.01, n = 3, respectively) and
increased ABCG5 protein mass (61 + 8% and 59 + 10%, P<0.01, n = 3, respectively) in WT
and apoE KO mice, compared with non-treated animals (Fig. 6A). Moreover, small intestine
from Sptlc1*/~ mice contained significantly less NPC1L1 (66 + 5%, P<0.01, n = 3) and
more ABCGS5 (70 + 6%, P<0.01, n = 3) than that from WT mice (Fig. 6B). These results
suggested that a decrease in apical membrane SM levels might decrease those of NPC1L1
and increase those of ABCG5/G8, thus diminishing cholesterol absorption. We also
measured ABCAL, which is located in the basal membranes of the enterocytes and is
involved in cholesterol secretion [6]. We found that ABCA1 was decreased in SPT-
decreasing small intestines (60 + 11%, 68 + 4%, and 58 £ 9%, P<0.01, n = 3, respectively)
compared with controls (Fig. 6A and B), suggesting that the decrease in ABCAL might also
contribute to lower cholesterol absorption in these mice.

For further elucidation of the possible mechanisms for cholesterol absorption reduction in
the SPT-deficient small intestine, we measured NPC1L1, ABCG5/G8, and ABCAL1 mRNA
levels in myriocin-treated WT, apoE KO, and Sptlc1*/~ mice, as well as in controls. In the
small intestine, we found that myriocin treatment or Sptlc1 gene decreasing significantly
decreased ABCA1 mRNA levels (in WT mice, 48%, P<0.01; in apoE KO mice, 39%,
P<0.01; and in Sptlc1*/~ mice, 51%, P<0.01), compared with controls (Fig. 7A-C). It
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significantly increased ABCG5 and ABCG8 mRNA levels (in WT mice, 52 and 46%,
P<0.01; in apoE KO mice, 69 and 63%, P<0.01; in Sptlc1*/~ mice, 49 and 53%, P<0.01),
respectively, compared with controls (Fig. 7A-C). No significant changes were observed in
NPC1L1 mRNA levels (Fig. 7A-C). Moreover, intestinal MTP activity was not influenced
by SPT deficiency (data not shown). We also measured liver mRNA levels, finding that
myriocin treatment or Sptlc1 deficiency has no influence on ABCG5/G8 mRNA levels (Fig.
7D-F). However, myriocin treatment but not Sptlc1 decreasing significantly decreased
ABCA1 mRNA levels (in WT mice, 20%, P<0.05; in apoE KO mice, 18%, P<0.05; and in
Sptlc1*/~ mice, 16%, P = 0.075) (Fig. 7D—F). We could not detect NPC1L1 mRNA in WT
or Sptlc1*/~ livers (data not shown).

4. Discussion

The present study provides the first evidence that SPT plays an important role in intestinal
cholesterol absorption. We also observed that SPT ablation decreased cholesterol but not
triglyceride absorption. Decreased absorption was correlated with lower levels of NPC1L1
and ABCAL, and higher levels of ABCG5/G8, in the small intestine.

We have reported that myriocin treatment (intraperitoneal injection) decreases plasma SM
levels and atherosclerosis in apoE KO mice [27] and this was confirmed by other groups of
researchers [19,28-30]. Our results were identical with those obtained by Park et al., except
for plasma cholesterol levels [19]. Their results indicated that myriocin treatment (oral
administration) not only decreased SM but also cholesterol levels in apoE KO animals. We
hypothesized that oral administration but not intraperitoneal injection of myriocin reduces
cholesterol absorption in small intestine, thus decreasing plasma cholesterol levels in apoE
KO mice. In fact, this hypothesis was the rationale of this study. We repeated Park et al.'s
experiment (fed the apoE KO with myriocin-contained diet) and found that, indeed,
myriocin treatment (oral) not only decreased SM but also cholesterol levels in apoE KO
animals (Table 1). Many researches indicated that sphingolipid metabolism is closely related
the development of atherosclerosis [19,27-31].

To investigate possible gastrointestinal toxicity, we specifically examined the morphology
of the small intestine after myriocin treatment, finding no pathological changes in the tissue.
As shown in Fig. 2, all specimens had intact villi, epithelia, enterocytes, goblet cells, and
brush borders. This was likewise true for the small intestine specimens obtained from
Sptlc1*/~ mice. Thus, myriocin treatment and Sptlc1 deficiency cause physiological rather
than morphological changes in the small intestine.

SPT deficiency reduced cholesterol absorption, which might explain why apoE KO mice
had less cholesterol in the circulation. ApoE-mediated cholesterol clearance is a major
pathway for removing chylomicron and remnant cholesterol from the circulation [32]. ApoE
KO mice have a defect in removing apoB48-, cholesterol-, SM-rich particle pathway [33],
those particles are accumulated in the circulation [33] (Table 1). On the other hand, WT and
Sptlc1*/~ animals have a normal apoE-mediated cholesterol clearance pathway and do not
accumulate chylomicron remnants, so it is not surprising that the defect in cholesterol
absorption is not reflected in plasma cholesterol levels (Table 1).
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SPT activity makes an important contribution to the cell membrane structure. The
interaction of SM and cholesterol drives the formation of plasma membrane rafts [12]. As
much as 65% of all cellular SM is found in such rafts [14]. A general consensus has
developed over the last few years that the rafts represent a platform for different cell
functions [12,13]. Using in situ lysenin treatment, we observed for the first time that
myriocin treatment or Sptlc1 deficiency decreases SM levels in the apical surface of the
enterocytes (Fig. 5). Since lysenin recognizes SM only when it forms aggregates or domains
[26], our data suggest that SPT activity is responsible for the level of apical membrane SM.
This in turn modulates the formation or maintenance of microdomains in the membranes,
influences the molecules (such as NPC1L1 and ABCG5/G8) that are located in such
microdomains [2,18], and, thus, influences cholesterol absorption. We do not know the exact
reason why small intestine SM levels in Spt1c1*/~ mice did not decrease, while that of
myriocin treated mice decreased significantly (Table 3). This is also true in the liver (Hojjati
and Jiang unpublished observation). However, we speculate that myriocin treatment might
create a more potent effect than Sptlcl partial deficiency, in terms of tissue SM levels.

The present study indicates that SPT specifically regulates cholesterol uptake without
affecting that of triacylglycerol. We observed that SPT deficiency decreased NPC1L1 (Fig.
6) protein but not mMRNA levels (Fig. 7), suggesting that the regulation is translational or
posttranslational. Moreover, since mouse liver has no detectable NPC1L1, the observed
phenotype (decreased cholesterol in apoE KO mouse plasma) (Table 1), is small intestine-
dependent. NPC1L1 is located on the epithelial layer bordering the luminal space [2].
NPC1L1 deficiency significantly reduces cholesterol absorption [3]. The cholesterol-
NPC1L1 interaction and structural assembly of NPC1L1 may influence the kinetics of net
cholesterol movement across the cell membranes of the enterocyte. It is therefore crucial to
investigate how structural protein integrity or assembly at the cell membrane level is
maintained during the intestinal absorption of cholesterol. It is possible that SPT deficiency
affects the SM composition of cellular organelles, such as plasma membrane and the
endoplasmic reticulum, and alters intracellular transport and localization of NPC1L1,
resulting in reduced NPC1L1 proteins and assimilation of cholesterol by the enterocytes.

As shown in this study, SPT deficiency increases small intestine ABCGS5 protein levels.
Human sitosterolemia is caused by mutations in either ABCG5 or ABCG8 [34]. Intestinal
absorption of cholesterol in patients with sitosterolemia is increased by about 30% and
intestinal absorption of sitosterol is increased by about 800%, as measured by plasma dual-
isotope labeling methods [35]. These increments in humans are consistent with mouse
studies in ABCG5/G8 KO animals [36]. Overexpression of ABCG5 and ABCGS8 reduces
fractional absorption of dietary cholesterol [37]. Immunohistochemical analyses show that
ABCGS5 and ABCGS8 proteins are apically localized in the small intestine [18]. It is possible
that SPT deficiency affects SM composition on the apical surface of the enterocytes and
increases ABCG5/G8 proteins or alters their localization, resulting in more cholesterol being
pumped back into the lumen of the intestine, and less of it being absorbed. However, we can
rule out the possibility that the regulation of ABCG5/G8 is transcriptional in the small
intestine, since ABCG5/G8 mRNA levels are increased there but not in the liver (Fig. 7).
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SPT deficiency also decreases ABCAL levels in the small intestine. We and others have
shown that apoAl and ABCAL play a role in intestinal cholesterol secretion, and this process
also makes a contribution to cholesterol absorption [6,38]. ABCAL1 resides in the basal
membranes of the enterocytes [38]. ABCAZ1-dependent cholesterol export involves an initial
interaction of apoA-I with lipid raft membrane domains [39]. It is conceivable that SPT
reduction not only decreases SM levels on the apical surface of the enterocytes (Fig. 5), but
also decreases SM levels in the basal membranes where ABCAL is located. The
downregulation of ABCA1 might also make a contribution to decreased cholesterol
absorption in SPT deficient mice. On the other hand, ABCAL could be decreased by the
reduction in enterocyte cholesterol uptake, as reported in NPC1L1 KO mice [40]. Again, we
cannot rule out the possibility that the regulation of ABCAL is transcriptional in the small
intestine, since ABCA1 mRNA levels are decreased there (Fig. 7A-C).

Although we favor SM-related mechanism, we cannot exclude the possible involvement of
sphingolipids, other than SM, in the regulation of NPC1L1, ABCG5/G8, and ABCAL, since
SPT is the key enzyme for biosynthesis of all the sphingolipids, including ceramide and
sphingosine-1-phosphate [8]. Indeed, ceramide can regulate ABCAL [41,42]. FTY720, an
analogue of sphingosine-1-phosphate, increases plasma cholesterol levels in apoE KO mice
[43]. It has also been reported that increase ceramide levels in lipid rafts by
sphingomyelinase treatment regulates cell functions [44]. The detailed mechanism involved
in the regulation of NPC1L1, ABCG5/G8, and ABCAL in the SPT deficient small intestine
requires further investigation.

In summary, we have shown that SPT deficiency leads to less cholesterol absorption. This is
associated with reduced SM levels on the apical surface of the enterocytes, as well as
decreased NPC1L1 and increased ABCGS5 proteins in the small intestine. This may also
relate to reduction of SM levels in the basal membrane of the enterocytes, and
downregulation of ABCAL1 in these cells. Decreased cholesterol absorption could be a
mechanism contributing to the low cholesterol levels and decreased atherosclerosis found in
SPT deficient apoE KO mice [19,27]. Thus, SPT might be an excellent candidate for
therapeutic intervention, and its inhibition could be very useful in lowering plasma
cholesterol levels and decreasing atherosclerosis.

Abbreviations

SPT
Spticl
ABC
NPC1L1
KO

WT

serine palmitoylCoA transferase

serine palmitoylCoA transferase long chain base subunit 1
ATP binding cassette protein

Niemann-Pick C1-like 1

knockout

wild type
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the online version, at doi:
10.1016/j.bbalip.2009.01.010.
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Fig. 1.

SPT deficiency decreased SPT activity in mouse small intestine. SPT activity of small
intestine homogenate was measured with [3H]serine and palmitoyl-coenzyme A as
substrates. TLC was performed to separate the product, 3-keto-dihydrosphingosine (KDS,
inset). KDS band was scanned. (Panel A) WT mice fed chow diet or chow diet plus
myriocin; (Panel B) apoE KO mice fed chow diet or chow diet plus myriocin; (Panel C) WT
and Sptlc1*/~ mice. Values are mean + SD (n = 5, P<0.01).
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Fig. 2.
SPT reduction did not change the morphology of the mouse small intestine. The small

intestine was dissected out and put into 4% paraformaldehyde for fixation overnight. The
tissue was then sliced (10 um thick). Each slice was deparaffinized and stained with
hematoxylin and eosin. The morphology was checked by microscope. (Panel A) WT mice
fed chow diet or chow diet plusmyriocin; (Panel B) apoE KO mice fed chow diet or chow
diet plusmyriocin; (Panel C) WT mice and Sptlc1*/~ mice. The arrows point to bush border
and arrow heads point to goblet cells.
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SPT deficient mice absorbed less cholesterol. Mice (n = 6,10-12 weeks old) were fasted for
5 h and gavaged with 0.1 uCi [**C]cholesterol and 0.2 uCi [3H]sitostanol with 0.5 mg
unlabeled cholesterol dissolved in 15 pl of olive oil. Feces were collected after 24 h and
lipids were extracted for counting (Panels A, D, and G, cholesterol absorption, WT vs WT/
myriocin; apoE KO vs apoE KO/myriocin; WT vs Sptlc1*/~, respectively). Blood was
collected during the 24 h period (Panels B, E, and H, [**C]cholesterol in blood, WT vs WT/
myriocin; apoE KO vs apoE KO/myriocin; WT vs Sptlc1*/~, respectively). To test
specificity, we also gavaged the mice with 0.2 uCi [3H]triolein together with 0.5 mg/ml cold
cholesterol. Blood was collected during the 24 h period (Panels C, F, and I,
[H]glycerolipids in blood, WT vs WT/myriocin; apoE KO vs apoE KO/myriocin; WT vs
Sptlc1*/~, respectively). Value is mean + SD. *P<0.01.
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SPT deficient enterocytes absorb less cholesterol than controls. Enterocytes were isolated
from mice (n = 4, 12-14 weeks old) and resuspended in 4 ml of DMEM containing 0.05
HCi/ml of either [14C]cholesterol (Panels A and C) or [3H]oleic acid (Panels B and D).
Enterocytes (100 pl) were collected at 5, 10, and 20 min, washed twice with DMEM, and
cellular radioactivity was determined. The amounts of lipids were normalized to protein and
plotted against time. (Panels A and B) WT vs WT/myriocin; (Panels C and D) WT vs

Sptlc1*/~, Values are mean + SD. *P<0.01.
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Fig. 5.
SPT deficiency decreased SM levels on the apical surface of mouse small intestine. In

(Panels A and B) small intestines were turned inside-out and cut into 0.5 cm of segments
from jejunum. The segments were then bathed in 0.5 ml of oxygenated DMEM containing
5% glutamine with 5 pg/ml lysenin or without it as control, at 37 °C for 30 min. Then 0.05
ml of WST-1 cell proliferation reagent was added and continuously incubated at 37 °C for
15 min. After incubation, solutions were transferred to an Eppendorf tube and quick-spun at
maximum speed to pellet cell debris. Supernatants were read OD at 450 nm, a reading for
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viable cells. Background reading was the WST-1 reagent with no cell treatment. (Panel A)
WT vs WT/myriocin; (Panel B) WT vs Sptlc1*/~. Value is mean + SD (n = 4). *P<0.01.
(Panel C) lysenin-RFP staining. A 3 cm long jejunum was cut out and sealed at both ends,
lysenin-RFP was put into the intestinal lumen. The intestinal segments were bathed in
oxygenated DMEM containing 5% glutamine at 37 °C for 30 min, and then washed with the
above buffer. Frozen sections were prepared. The lysenin-RFP staining was examined under
microscope (x40). The arrows point to bush borders.
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Fig. 6.

SlgT deficiency decreased NPC1L1 and ABCAL, and increased ABCG5 in mouse small
intestine. Tissue homogenates were prepared as described in Methods, and equal amounts of
homogenates from each mouse were pooled in each group (n = 4-5). A total of 50 g pooled
sample from each group was immunoblotted with antibodies against NPC1L1, ABCAL, and
ABCG5. Immunoblots of B-actin were used as a loading control. These results are
representative of three independent experiments. (A) WT and apoE KO mice with or
without myriocin treatment; (B) WT and Sptlc1*/~ mice.
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Fig. 7.

Mouse small intestine and liver NPC1L1, ABCG5/G8, and ABCAL mRNA measurements.
NPC1L1, ABCG5/G8, and ABCA1 mRNA levels were measured by real-time PCR as
described in “Materials and methods.” (Panel A) jejunum from WT mice with or without
myriocin treatment; (Panel B) jejunum from apoE KO mice with or without myriocin
treatment; (Panel C) jejunum from WT and Sptlc1*/~ mice; (Panel D) liver from WT mice
with or without myriocin treatment; (Panel E) liver from apoE KO mice with or without
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myriocin treatment; (Panel F) liver from WT and Sptlc1*/~ mice. Values are mean + SD, n
= 5. *P<0.01.
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Mouse plasma lipid measurement

SM PC Chol TG
mg/dl
WT mice
Control 25+5 139+19 101 +17 79+12
Myriocin 22+2 155+31 95+ 12 71+15
ApoE KO mice
Control 75+9 289+25 556+39 105+19
Myriocin 39+4* 334149  350+40% 89+ 13
Mice
WT 22+3 127+ 24 91+11 89 + 16
Sptlc1*/~ 19+5 138 +33 99+8 92 +10

Value, mean + SD.

*
P <0.01, N=6.

SM, sphingomyelin; PC, Phosphatidylcholine; Chol, cholesterol; TG, triacylglycerols.
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Absorption of [14C]cholesterol after a single gavage

Table 2

In

testine (dpm/g)  Liver (dpm/g)  Bile (dpm/ml)

Plasma (dpm/ml)

WT mice
Control
Myriocin
ApoE KO mice
Control
Myriocin
Mice

WT

Sptlc1*/~

10103 + 792 8311 +1038 5092 + 661

5237 + 478" 4131+575° 2108 + 394"

9714 +1184 7371 +781 4478 + 742

4158 + 499" 3337 £649° 2284 +521"

11122 +1335 9927 + 1249 5687 + 577

6945 + 816™ 4492 +398" 2652+ 662"

3321 +674

*

1304 + 390

4201 + 615

1590 + 142"

5291+ 711

2992 + 606™

Page 25

Mice were fed with either 0.1 uCi of [14C]cholesterol and 1 uCi of [3H]sitostanol together with 0.5 mg of unlabeled cholesterol in 15 pl of olive
oil. After 24 h, plasma, small intestine, liver, and bile were collected and used for radioactivity measurements. Values are mean = SD, n = 5.

*
P <0.01.
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Table 3

Mouse enterocyte lipid measurement
SM PC Chol TG
Hg/mg protein
WT mice
Control ~ 10.5+0.5 306+07 150+11 11.3+17
Myriocin g2+ 0.9* 279+23 162+12 11119
Mice
wWT 98+1.1 321+18 160+04 120+0.4
Sptlicl*~ 9.3+14 304+16 15702 11702

Value, mean + SD.

*
P <0.01, N=5-7.

SM, sphingomyelin; PC, phosphatidylcholine; Chol, cholesterol; TG, triacylglycerols.
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