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Abstract

Niemann-Pick disease type C (NPC) is an inherited disorder caused by mutations in either the
NPCI or the NPC2 gene that affect intracellular free cholesterol trafficking. Most cases of NPC
have mutations in the NPCI gene. Acid sphingomyelinase (ASM) is a lysosomal enzyme in
which an inherited deficiency leads to Niemann-Pick disease types A and B (NPDA/NPDB).
Despite having a normal ASM gene, NPC cells have a secondary defect in ASM activity ; the
mechanism remains to be fully elucidated. Butyrate, one of the short chain fatty acids, is known
as an inducer of ASM. We investigated the effects of butyrate on ASM activity and mRNA
expression in normal and NPC1 mutant (Nova Scotia form ; NPC1¥" 5 lymphoblasts. After
incubation with 10 mM butyric acid for 24 h, ASM activity was significantly increased by 3.3- and
4.6-fold in normal and NPC1Y" 5% cells, respectively (9<0.01). The secondary defect of ASM
activity in NPC1¥" 5% cells was restored to normal levels by treatment of 10 mM butyric
acid. In quantitative RT-PCR analysis, butyric acid significantly increased ASM mRNA levels in
both types of cells (9<0.01). In addition, we investigated the effects of butyrate on intracellular
free cholesterol levels in NPC1™"**“% lymphoblasts. Free cholesterol levels in cells treated with
or without 10 mM butyric acid were 0.019 =0.002 and 0.026 + 0.006 ng/ug protein, respectively,
demonstrating that butyric acid significantly decreased free cholesterol levels in NPC1Y" St
cells (p<0.05). To determine whether ASM induced by butyric acid is directly associated with
the reduction of free cholesterol accumulation in NPC1V" 5% cells, NPDB and NPC1V" % fihro-
blasts were treated with 10 mM butyric acid and stained with filipin. We found that butyric acid
dramatically reduced the accumulation of intracellular free cholesterol in NPC1¥"%°® cells, but it
did not affect NPDB cells. These data suggest that ASM induced by butyrate is related to intra-
cellular cholesterol trafficking and metabolism in NPC1"*"* %™ cells. ASM inducers, such as
butyrate, may reduce the accumulation of intracellular free cholesterol in NPC1¥" %" cells.
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ficking. NPC1 is a 13 transmembrane domain protein
residing in the limiting membrane of the late endosome/
lysosome”, whereas NPC2 is a soluble lysosomal protein
NPC2 has been shown to
shuttle free cholesterol to and from membranes in vitro

that can bind cholesterol®.

and to the N-terminal cholesterol-binding domain of
NPC1**.
the NPCI gene”. With regard to clinical manifestations

Most cases of NPC result from mutations in

and biochemical features, NPC shows hepatosplenomeg-
aly, progressive neurological disease™ and an accumula-
tion of free cholesterol, sphingomyelin, and other lipids
in the late endosome/lysosome’”. A mutation in the
NPC1 gene, p.G992W, is responsible for Niemann-Pick
disease type D (NPD), which is known as an allelic vari-
ant of NPC'”.  Patients with NPD have been traced to a
single Acadian ancestor in Nova Scotia (Canada) and are
characterized by mild to moderate hepatosplenomegaly,
supranuclear gaze paresis in the vertical plane, slowly
progressing ataxia, and mental retardation®”.

NPC cells have a secondary defect in acid sphingomye-
linase (ASM) activity despite having a normal ASM gene.
ASM is the lysosomal enzyme responsible for the hydro-
lysis of sphingomyelin to ceramide and phosphorylcho-
line. A defect in ASM activity caused by mutations in
the ASM gene leads to Niemann-Pick disease types A
and B (NPDA/NPDB), which are characterized by the ac-
cumulation of sphingomyelin, cholesterol, and other lip-
ids in lysosomes®”. ASM activity in NPC fibroblasts is
reduced by as much as 80% when cells are grown in me-
dium containing 10% fetal bovine serum or low density
lipoprotein (LDL) cholesterol” .
lysosomal cholesterol by growth in medium containing li-

However, removal of

poprotein-deficient serum restores ASM activity to nor-

mal levels™.

In Chinese hamster ovary mutant cells
with a defective NPC1 protein, it has been shown that
ASM activity is suppressed to 5-10% of that in wild type
cells. In addition, NPC fibroblasts displayed normal
ASM protein but negligible levels of ASM activity'®. Al-
though it remains to be fully determined why NPC cells
have a secondary defect in ASM activity despite having a
normal ASM gene, these previous studies have suggest-
ed that ASM activity in NPC cells is affected or regulated
by the concentration of lysosomal cholesterol at the post-
translational level. On the other hand, in ASM-deficient
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macrophages, it has been reported that intracellular accu-
mulation of sphingomyelin due to ASM deficiency or to
internalization of excess sphingomyelin leads to defective

cholesterol trafficking and efflux'”.

Sphingomyelin has
a high affinity for cholesterol, leading to the identical sub-
cellular distribution of these two lipids, which are con-
centrated in the plasma membrane®. Therefore, ASM
plays an important role in the intracellular relationship
between sphingomyelin and cholesterol metabolism.

A recent study showed that restoration of ASM activity
levels via either normal ASM gene transfection or exoge-
nous addition of recombinant ASM in NPC cells results in
a dramatic reduction in lysosomal free cholesterol and

bis-(monoacylglycerol) phosphate'.

Additionally, it was
found that increased ASM activity improves defective
transferrin receptor recycling, which is a secondary ab-

19)

normality observed in NPC cells™. There is a limit to

treatment options for NPC, for which the only approved

20)

drug is Zavesca (Miglustat)™”. Therefore, correction of
a secondary defect in ASM activity may offer new thera-
peutic approaches for NPC.

Butyrate, one of the short chain fatty acids, is known
as an inducer of ASM. It has previously been reported
that butyrate increased ASM activity by 10- to 20-fold
and increased mRNA levels of ASM in human colon can-

cer HT29 cells and liver cancer HepG2 cells™.

Butyr-
ate is a natural substance present in the gastrointestinal
tract, in milk, as well as in the sweat and feces of most
mammals. It is derived from fermentable dietary fiber
under the action of colonic microflora. The multiple
beneficial effects of butyrate on human health and disease
as represented by colorectal cancer are well document-
ed22,23).
induces ASM activity or affects intracellular cholesterol
trafficking in NPC cells.

In this study, we investigated the effects of butyrate on

However, it is still unknown whether butyrate

ASM activity and ASM mRNA expression in normal and
NPC1V"* 5 Jymphoblasts and on intracellular free cho-
lesterol in NPC1™"5°™ l[ymphoblasts and fibroblasts.

Materials and methods

Cell lines and cell culture
One patient with NPC and two patients with NPDB
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were enrolled in this study. In the patient with NPC,
mutations in the NPCI gene were p.G992W/p.G992W
(NPC1M"5°#)?) " Tp the patients with NPDB, mutations
in the ASM (SMPD1I) gene were p.S436R/p.S436R* *” in
one patient and p.S231P/p.P189fs in the other pa-
tient. Epstein-Barr virus (EBV)-transformed human
lymphoblasts were established by standard techniques
from a normal subject and the patient with NPC1 "5,
Skin fibroblasts were established from the patients with
NPC1V"* 5% and NPDB. All samples were collected af-
All cell lines
were maintained in BD Falcon™ 25 cm” cell culture flasks
(Becton Dickinson, Franklin Lakes, NJ, USA). Lympho-
blasts were cultured in RPMI-1640 medium (Sigma, St.
Louis, MO, USA) containing 10% heat-inactivated fetal
bovine serum (HI-FBS; Moregate Biotech, Bulimba,

ter obtaining written informed consent.

™

Australia) and used at full confluency. Fibroblasts were
also cultured in Dulbecco’s modified Eagle’s medium
supplemented with L-glutamine (2 mM), penicillin
(100 U/ml), streptomycin (100 pg/ml), and 10% HI-FBS.
All cells were grown in 5% CO, at 37°C in a humidified
incubator.

Assay of ASM enzyme activity

Normal and NPC1™**“" lymphoblasts were incubated
with culture medium including butyric acid (Aldrich®
Chemistry, USA) at different concentrations for 24 h at
37°C. The cells were washed two times with 1 X PBS to
remove residual medium and pelleted by centrifugation
at 800 g for 5 min at 4°C. The cells were disrupted by
sonication on ice using three 15-s bursts, and cellular ho-
mogenates were assayed for protein content by the
method of Lowry et al.?® and for ASM activity as de-
scribed below. Assays for ASM activity were carried
out as follows. 'C-labeled sphingomyelin was pur-
chased from NEN Life Science Products. The standard
200 pl assay mixture consisted of 100 pl of sample and 50
ul of assay buffer containing 4% Triton X-100 (1.0 M so-
dium acetate, pH 5.0 ; final concentration of Triton X-100
in the 200 pl assay mix, 1%). The reaction was initiated
by addition of 50 pl of substrate (20 nmol, **C-labeled
sphingomyelin, 0.08 pCi/20 nmol) in 0.2% taurodeoxy-
cholic acid. EDTA was added to the assay mixture at a
final concentration of 0.02 mM. The assay mixtures

were incubated at 37°C for 1 h and quantified by the
method of Chatterjee and Ghosh™.

Amplex® Red cholesterol quantification

NPC1¥" 5% Jymphoblasts were incubated in culture
medium with or without 10 mM butyric acid for 24 h at
37°C. The cells were processed as described above.
Total and free cholesterol levels were quantified using an
Amplex” Red cholesterol assay kit (Molecular Probes In-
In brief,

samples were diluted in reaction buffer, after which an

vitrogen Detection Technologies, Paisley, UK).

equivalent volume of Amplex” Red working solution (300
uM Amplex® Red, 2 U/ml cholesterol oxidase, and 2 U/ml
horseradish peroxidase ; in addition to these reagents,
0.2 U/ml cholesterol esterase was used in the measure-
ment of total cholesterol levels) was added. The sam-
ples were incubated at 37°C for 30 min, and the fluores-
cence intensity was measured at an excitation wave-
length of 544 nm and an emission wavelength of 590 nm
using the Fluoroscan Ascent system (Thermo Labsys-
tems). Total and free cholesterol levels were calculated
using known cholesterol solutions and normalized to pro-
tein content.

RNA isolation and quantitative RT-PCR

Normal and NPC1V"5° lymphoblasts were incubated
in culture medium with or without 10 mM butyric acid for
24 h at 37°C. The cells were washed two times with 1
X PBS to remove residual medium and pelleted by cen-
trifugation at 800 g for 5 min at 4°C.  Total RNA was iso-
The mRNA
was transcribed with the Transcriptor First Strand cDNA

lated with TRIzol® reagent (Invitrogen).

Synthesis Kit (Roche Diagnostics, Basel, Switzerland),
and real-time PCR was performed with LightCycler®480
SYBR Green I Master (Roche Diagnostics, Basel, Swit-
zerland) following the manufacturer’s instructions. The
primers for human ACTB (GenBank Accession#
NM_001101) were purchased from Nihon Gene Research
Laboratories (Cat# 5026385). The primer sequences of
human ASM (GenBank Accession# NM_000543) were
Forward 5-ACC GAA TTG TAG CCA GGT AT-3" and
Reverse 5'-GGC TCA GAG TCT CTT CAT CA-3". Re-
al-time PCR was performed using the LightCycler®480
(Roche Diagnostics, Basel, Switzerland) for 40 cycles.
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All samples were normalized to ACTB.

Filipin staining

NPC1V"* 5" fibroblasts were grown to 50% conflu-
ence on glass coverslips in growth medium. After 1 day
of growth, the medium was changed and the cells were
incubated in growth medium with or without 10 mM bu-
tyric acid for 24 h at 37°C. NPDB fibroblasts were also
incubated for 24 h in the same manner, but Lipoproteins
Low Density Human Plasma (EMD Chemicals, Inc., San
Diego, CA) was added to the medium (50 pg/ml) to in-
duce more accumulation of free cholesterol in lysosomes.
Both types of cells were fixed with 4% paraformaldehyde
in PBS for 10 min, washed in 1 X PBS (three times for 5
min), and permeabilized with 0.1% Triton X-100 in 1 X
PBS for 10 min.
filipin complex (Sigma-Aldrich Corporation) was added to
the fixed cells (300 pg/ml in 1 X PBS) for 45 min at room
temperature. Finally, the cells were washed three times
with 1 X PBS, and analyzed using a Zeiss LSM 510 META
confocal microscope (Carl Zeiss, Thornwood, NY, USA)

To detect intracellular free cholesterol,

equipped with a UV laser.

Statistical analysis

Measurements of ASM activity and quantitative RT-
PCR were performed in triplicate. Measurements of
cholesterol levels were performed in quintuplicate. All
the experiments were repeated at least twice. Data are
presented as means+SD. Statistical analysis was per-
formed by an unpaired two-tailed t-test using Stat View-
J4.5 (Abacus Concepts, Berkeley, CA, USA).

es of p<0.05 were considered to be statistically signif-

Differenc-

icant.

Results

Effect of butyrate on ASM activity in normal and

NPC1™" 5% l[ymphoblasts

After incubating normal lymphoblasts with butyric acid
at different concentrations for 24 h, ASM activity was in-
creased in a dose-dependent manner (Fig. 1). The con-
centration of 10 mM butyric acid significantly increased
ASM activity by 3.3-fold compared with the control

(p<0.01).
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Fig. 1. Butyric acid induces ASM activity in normal
lymphoblasts. Normal lymphoblasts were incubated
with culture medium including butyric acid at different
concentrations for 24 h at 37°C. The extracts were
assayed for ASM activity. ASM activity in the cells
was increased in a dose-dependent manner. The con-
centration of 10 mM butyric acid significantly increased
ASM activity by 3.3-fold compared with the control
(*p<0.01). Data are expressed as means=SD.
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Fig. 2. Butyric acid restores ASM activity in
NPC1Y" %" Jymphoblasts. NPC1™"*** lympho-
blasts were incubated with culture medium including
butyric acid at different concentrations for 24 h at 37°C.
The extracts were assayed for ASM activity. Al-
though basal ASM activity in NPC1™ 5™ cells was
suppressed by 28% of that in normal cells, it was
increased in a dose-dependent manner. The concen-
tration of 10 mM butyric acid significantly increased
ASM activity by 4.6-fold compared with the control
(*p<0.01). Data are expressed as means * SD.
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Fig. 3. Butyric acid increases ASM mRNA levels in
normal and NPC1V"**% Jymphoblasts. Normal or
NPC1™" % lymphoblasts were incubated in culture
medium with or without 10 mM butyric acid for 24 h at
37°C. RNA isolation and quantitative RT-PCR were
performed as described in the Materials and Methods.
All samples were normalized to ACTB. Butyric acid
significantly increased ASM mRNA levels in normal
and NPC1V" 5% lymphoblasts by 7.7 and 5.2-fold,
respectively (*p<0.01). Data are expressed as means
+SD.

In NPC1V™ 5 [ymphoblasts, although basal ASM ac-
tivity was suppressed by 28% of that in normal cells, it
was also increased in a dose-dependent manner. The
concentration of 10 mM butyric acid significantly in-
creased ASM activity by 4.6-fold compared with the con-
trol (Fig. 2, p<0.01).

Effect of butyrate on ASM mRNA expression in
normal and NPC1™"* 5" lymphoblasts

Butyric acid significantly increased ASM mRNA levels
in normal and NPC1" 5% Jymphoblasts by 7.7 and 5.2~
fold, respectively (Fig. 3, p<0.01).
cant difference in basal ASM mRNA levels between nor-
mal and NPC1"* %% cells.

There was no signifi-

Effect of butyrate on intracellular free choles-
terol in NPC1™°"* 5 lymphoblasts

Free cholesterol levels in NPC1¥™ 5 lymphoblasts
treated with butyric acid were significantly lower (0.019
+0.002 png/pg protein) compared with those that were
not treated with butyric acid (0.026 = 0.006 pg/pg protein,

Fig. 4, p<0.05). There was no significant difference in

Butyric acid (-) Butyric acid (+)

Fig. 4. Treatment of butyric acid decreases intracel-
lular free cholesterol levels in NPC1V"* %™ lympho-
blasts. NPC1V"* " Jymphoblasts were incubated in
culture medium with or without 10 mM butyric acid for
24hat 37°C. The extracts were assayed for Amplex”
Red cholesterol quantification. Butyric acid signifi-
cantly decreased free cholesterol levels in the cells

(**p<0.05). There was no significant difference in
total cholesterol levels. Data are expressed as means
+SD.

total cholesterol levels.

Filipin staining in NPC1%"* 5 and NPDB fibro-
blasts by treatment with butyrate

The accumulation of intracellular free cholesterol was
observed by filipin staining. In NPC1¥™5“" fiproblasts,
butyric acid dramatically reduced the accumulation of in-
tracellular free cholesterol (Fig. 5), but it did not affect
NPDB cells (Fig. 6).

Discussion

Butyrate has been reported to increase ASM activity
and ASM mRNA levels in human colon cancer HT29

cells and liver cancer HepG2 cells®”.

In the current
study, we showed that butyric acid increased ASM activi-
ty in a dose-dependent manner in both normal and NPC-
1Yo st lymphoblasts (Figs. 1, 2).  In addition, the sec-
ondary defect of ASM activity in NPC1¥" 5" cells was
restored to normal levels by treatment of 10 mM butyric

acid (Fig. 2). We also showed that butyric acid signifi-
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| NPC1 Nova Scotia

A. Butyric acid (-)

B. Butyric acid (+)

Fig. 5. Butyric acid reduces the accumulation of free cholesterol in NPC1™ %™ fibroblasts. NPC1*"™**" fibro-
blasts were incubated in growth medium alone (A) or containing 10 mM butyric acid (B) for 24 h at 37°C. The
cells were washed with PBS, fixed, and stained with filipin. The cells were visualized by confocal microscopy
with a UV laser. The images are displayed with the same grayscale range. Treatment with butyric acid resulted
in a dramatically reduced accumulation of free cholesterol in NPC1V"*5 cells. ~ Scale bar, 20 pm.

NPDB

Butyric acid (-) Butyric acid (+)

p-S436R/p.S436R

p.S231P/p.P189fs

Fig. 6. Butyric acid does not reduce the accumulation of free cholesterol in NPDB fibroblasts. Fibroblasts from two
patients with NPDB (mutations in the ASM gene : p.S436R/p.S436R and p.S231P/p.P189fs) were incubated in growth
medium containing LDL in the absence (C, D) or presence of 10 mM butyric acid (E, F) for 24 h at 37°C. The cells were
washed with PBS, fixed, and stained with filipin. The cells were visualized by confocal microscopy with a UV laser. The
images are displayed with the same grayscale range. In NPDB cells, butyric acid did not affect the accumulation of free
cholesterol.  Scale bar, 20 um.
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cantly increased ASM mRNA levels in both normal and
NPC1V"* 5% tymphoblasts (Fig. 3). These data indicate
that butyric acid increases transcription of the ASM gene.

Recent studies have shown that several drug treat-
ments such as ASM gene transfection, recombinant
ASM, curcumin, and thapsigargin in NPC cells lead to the
improvement of abnormal cholesterol or sphingolipid

trafficking®'?.

In our study, the accumulation of intracel-
lular free cholesterol was reduced by treatment of butyric
acid in NPC1™"5°% lymphoblasts and fibroblasts (Figs. 4,
5).

Butyrate is also known as a histone deacetylase
(HDAC) inhibitor.

HDAC have attracted considerable attention because of

Histone acetyl transferases and

their regulatory role in chromatin remodeling and gene
transcription. Butyrate exerts potentially useful effects
on many conditions and diseases ; the mechanisms of
butyrate action are mostly related to its potent regulatory

effects on gene expression®*,

It has recently been
shown that cholesterol homeostasis in NPC1” mice is
improved by treatment with valproic acid, a very weak
HDAC inhibitor®”. In another study, HDAC inhibitor
treatment dramatically reduced free cholesterol accumu-
lation in NPC1 fibroblasts®”.

demonstrated that the correction of free cholesterol ac-

This previous study also

cumulation is partially associated with increased expres-
sion of NPC1 protein by an HDAC inhibitor.
study, butyrate induced ASM activity and reduced the ac-

In our

lNova Scotia CellS. TO

cumulation of free cholesterol in NPC
determine whether ASM induced by butyrate is directly
associated with the reduction of free cholesterol accumu-
lation in NPC1V"5® cells, we investigated the effect of
butyrate on free cholesterol accumulation in NPDB fibro-
blasts, in which ASM activity is not inducible by butyrate.
We found that butyrate did not reduce the accumulation
of free cholesterol in NPDB cells (Fig. 6). These data
suggest that ASM induced by butyrate is related to intra-
cellular cholesterol trafficking and metabolism in
NPC1Y" 5% cells.
may reduce the accumulation of intracellular free choles-
terol in NPC1¥" 5" cells.

ASM inducers, such as butyrate,

Conclusions

This study suggests that ASM inducers, such as butyr-
ate, may reduce the accumulation of intracellular free
cholesterol in NPC1™"* 5" cells,
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