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Abstract Niemann-Pick type C (NPC) is a fatal autosomal
recessive lysosomal storage disease clinically characterized
by neurodegeneration and liver disease. Heterogeneous
mutations in the NPC1 and NPC2 genes cause impaired
egress of free cholesterol from lysosomes, leading to accu-
mulation of cholesterol and glycosphingolipids. Key features
of NPC liver disease include hepatic apoptosis, inflamma-
tion, and fibrosis. It is unclear what signaling events regulate
these disease processes in NPC. We hypothesize that tumor
necrosis factor a (TNF-a), which is involved in both proin-
flammatory and apoptotic signaling cascades, is a key medi-
ator of inflammation, apoptosis, and fibrosis in NPC liver
disease. In this study, we evaluated the role of TNF-a sig-
naling in NPC liver disease by utilizing NPC1-specific anti-
sense oligonucleotides to knock down NPC1 expression in
control and TNF-a knockout mice. In the absence of TNF-a,
NPC1 knockdown produced liver disease with significantly
less inflammation, apoptosis, and fibrosis.—Rimkunas, V. M.,
M. J. Graham, R. M. Crooke, and L. Liscum. TNF-a plays a
role in hepatocyte apoptosis in Niemann-Pick type C liver dis-
ease. J. Lipid Res. 2009. 50: 327–333.
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Niemann-Pick type C (NPC) disease is a fatal neuro-
degenerative disease characterized by lysosomal storage
of cholesterol and glycosphingolipids in every cell of the
body. Mutations in the NPC1 gene are responsible for ap-
proximately 95% of human NPC disease (1). The majority
of NPC patients die due to neurodegenerative complica-
tions; however, the liver disease is also significant (2).

NPC disease is the second most common cause of neo-
natal cholestasis (3). Multiple cases have reported patients
suffering from liver failure (3–9). Ten percent of NPC in-
fants presenting with neonatal cholestasis die from liver
failure before they reach 6 months of age (10). Patients

who do not die as infants often live with persistent liver
disease accompanied by fibrosis and, in rare cases, cirrho-
sis. The cause of NPC liver disease is unknown. Recent
studies in NPC-deficient mice suggest that hepatocyte
apoptosis may be a primary cause of liver dysfunction
and liver failure (11, 12).

The inflammatory cytokine tumor necrosis factor a
(TNF-a) has been implicated in NPC disease progression.
Multiple members of the TNF-a pathway are overex-
pressed in NPC liver and brain (11–13). TNF-a plays a
very important role in apoptosis of hepatocytes as well
as their regeneration (14, 15). TNF-a that is secreted by
foamy macrophages recruits inflammatory cells, stimulates
hepatic stellate cells, which deposit collagen, and signals
apoptosis of hepatocytes (16–20). The multifunctional roles
of TNF-a identify it as a potential key regulator of several
aspects of NPC liver disease. For these reasons, the goal of
our study was to determine whether TNF-a plays a role in
the pathogenesis of NPC liver disease.

In our previous work, we developed a novel mouse
model for liver-specific knockdown of NPC1 protein ex-
pression in vivo by administration of antisense oligonu-
cleotides (ASOs) (12). For this study, we reduced NPC1
expression in TNF-a-deficient mice in order to assess the
role of TNF-a in NPC liver disease. We conclude that in
the absence of TNF-a, the progression of NPC liver dis-
ease is slowed, such that hepatocyte apoptosis, fibrosis,
and foamy macrophage clustering are attenuated.

EXPERIMENTAL PROCEDURES

Oligonucleotides
The 20 mer 2′-O -methoxyethyl-modified ASOs were synthe-

sized and purified as described previously (21, 22). The sequence
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of the ASO targeted to the NPC1 mRNA is 5′CCCGATTGAGCT-
CATCTTCG3′. As a control, we used an ASO with a mismatched
sequence 5′CCTTCCCTGAAGGTTCCTCC3′. ASOs were dis-
solved in 0.9% saline and stored at 220°C.

Animal care and treatment
All of the following procedures were approved by the Institu-

tional Animal Care and Use Committee at Tufts University and
were in compliance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals. Female C57BL/6
and 129S6-Tnf tmlGkl/J mice (6–8 weeks of age) were purchased
from The Jackson Laboratory (Bar Harbor, ME). They were
housed five animals per cage and fed rodent chow. Mice were in-
jected intraperitoneally with either NPC1 ASO or a mismatched
control ASO at a dose of 100 mg/kg/week for 9 weeks. At the
end of the treatment period, animals were fasted overnight, then
euthanized, and blood samples were taken by cardiac puncture.
Mice were perfused with cold PBS via cardiac puncture, after which,
tissues were dissected and fixed in 10% formalin or snap-frozen.

Western blots
Liver tissue was blotted for NPC1 as previously described (12)

using an NPC1 antibody from Abcam (Cambridge, MA). Anti-a-
gapdh monoclonal antibody was purchased from BioRad Labo-
ratories (Hercules, CA) and used at 1:1,000 dilution.

Measurement of cholesterol and sphingosine content
Aliquots of 100 mg liver homogenate were subjected to extrac-

tion according to the method of Folch, Lees, and Sloane Stanley
(23). Stigmasterol (15 mg) was added to each sample as an inter-
nal standard. The Folch organic phase was then used for unesteri-
fied cholesterol measurements quantified by a Hewlett-Packard
5890 gas chromatograph using a DB-17 capillary column (15 m 3
0.53 mm; Alltech) at 255°C. Sphingosine was analyzed from 2 mg
aliquots of liver homogenate by HPLC and liquid chromatography-
MS by the Lipidomic Core Mass Spectrometry Lab at Medical Uni-
versity of South Carolina as previously described (24).

Serum chemistries
Blood was centrifuged at 2,000 g for 15 min, and aspartate

aminotransferase (AST) and alanine aminotransferase (ALT)
were measured by Idexx Laboratories (Grafton, MA).

Histology
Liver tissue was fixed in 10% formalin and paraffin embed-

ded. Four micron sections were stained with Masson Trichrome,
hematoxylin-eosin, or anti-a smooth muscle actin (a-sma) by the
Tufts Animal Histology Core and Tufts Medical Center Histology
Department. The number of lipid-laden and a-sma-positive cells
were quantified by counting the number of positive cells per field
at 2003 magnification (500 cells per field). The area of clustered
macrophages was measured using ImageJ. Collagen deposition
was measured by first replacing the blue Masson trichrome stain
with pure green in Corel Paint Shop Pro X software. We then
analyzed the percentage of green pixels out of the total number
of pixels for each image, utilizing the program QuantiColor, de-
signed by Z. Rimkunas. For all tests, five random fields were ex-
amined per liver; five animals were evaluated per treatment group.

Detection of apoptotic and proliferating cells
Apoptotic and proliferating cells in formalin-fixed, paraffin-

embedded liver tissue sections were detected using the DeadEnd
Fluorometric TUNEL System (Promega, Madison, WI) and the
BrdU In-Situ Detection Kit (BD Pharmingen, San Diego, CA),

respectively. Procedures were carried out according to the manu-
facturersʼ protocols. For proliferating cells, animals were injected
with bromodeoxyuridine (BrdU; 50 mg/kg) intraperitoneally 2 h
prior to euthanization. The percentage of apoptotic cells was
determined by counting the number of positively stained cells
per 15 random 2003 fields (500 cells per field) per treatment
group. Proliferating cells were calculated using the QuantiColor
analysis described above.

Statistical analysis
All values are expressed as means 6 SD. Statistical analysis

was performed by one-way ANOVA followed by Tukeyʼs honestly
significant differences test using the Vassar Stats website.

RESULTS

Knockout of TNF-a does not alleviate hepatomegaly or
lipid storage

Our experimental protocol had four treatment groups:
control (C57BL/6) and TNF-a knockout mice (TNF KO),
injected with either NPC1 ASOs or mismatched control
ASOs. NPC1 protein levels in the liver were completely
ablated by NPC1 ASO treatment of C57BL/6 and TNF
KO mice (Fig. 1A). The body weights of mice in the four
treatment groups were the same (Fig. 1B); however, NPC1
knockdown led to increases in relative liver weight in both
C56BL/6 and TNF KO mice (Fig. 1C). As expected, knock-
down of NPC1 in C56BL/6 mice led to hepatic accumula-
tion of unesterified cholesterol and sphingosine. The same
lipid storage was seen when NPC1 was knocked down in
TNF KO mice (Table 1).

Serum liver enzymes were measured in the four treat-
ment groups to determine whether the lack of TNF-a re-
sulted in decreased liver injury. Serum levels of ALT (Fig. 2A)
and AST (Fig. 2B) were increased equally when NPC1 was
knocked down in C57BL/6 and TNF KO mice. This result
indicates that liver injury occurs in the absence of TNF-a.
This could be due to the cholesterol accumulation that
still remains in NPC1 ASO-treated TNF KO mice. Previous
studies have indicated that the amount of lysosomal un-
esterified cholesterol correlates with liver injury in murine
NPC disease (25). Taken together, these data indicate that
TNF-a does not play a role in the development of the pri-
mary storage phenotype of NPC.

Knockout of TNF-a alters macrophage clustering and
decreases inflammation

Previously, we showed that knockdown of NPC1 led to
a 10-fold increase in the number of foamy and vacuolated
macrophages, which were organized into large lipid granu-
lomas (12). Here we found that C57BL/6 and TNF KO
mice treated with mismatched ASO had scattered foamy
macrophages, which represented approximately 1% of the
cells (Fig. 3A). NPC1 knockdown in C57BL/6 mice led to
an increase in the number of macrophages to 20% of the
cell population and their clustering into lipogranulomas,
as seen previously. Knockdown of NPC1 in TNF KO mice
led to the formation of the identical number of foamy
macrophages (Fig. 3A); however, the macrophages had an
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altered distribution. They were not gathered in large granu-
lomas but were instead in small clusters (seen in Fig. 4 and
quantified in Fig. 3B). The lack of TNF-amay disable macro-
phage recruitment to sites of hepatocellular injury. NPC1
knockdown in C57BL/6 led to significant recruitment of

inflammatory cells to lipogranulomas. This inflammatory
cell recruitment was abolished in the absence of TNF-a
(Fig. 5).

Knockout of TNF-a attenuates apoptosis and proliferation
in NPC liver disease

Knockdown of NPC1 was previously shown to result in a
10-fold increase in the number of apoptotic hepatocytes,
which was offset by proliferation of hepatic stellate cells
(12). In this study, we found that 0.25% of cells were apo-
ptotic in liver sections from C57BL/6 or TNF KO mice
treated with mismatched ASO (Fig. 6A). The number of
apoptotic cells was increased 5-fold by NPC1 knockdown.
Remarkably, the lack of TNF-a resulted in a significant
reduction in the number of apoptotic cells (Fig. 6A). These

Fig. 1. The effect of NPC1 knockdown on whole-body and liver
weights. A: Expression of NPC1 in mismatched (MM) and NPC1
antisense oligonucleotide (ASO)-treated control (C57BL/6) and
TNF knockout (TNF KO) mice. Immunoblot of GAPDH was used
as an internal control. Absolute body (B) and relative liver (C)
weights are shown for C57BL/6 and TNF KO mice treated with
mismatched (MM) and NPC1 ASOs. Relative liver weight (C) is
presented as a percentage of whole-body weight. Each bar repre-
sents the mean 6 SD of 8–19 animals in each treatment group.
*P , 0.05.

TABLE 1. Unesterified cholesterol and sphingosine content of liver

Unesterified Cholesterol Sphingosine

Mouse MM ASO (n 5 5) NPC1 ASO (n 5 5) MM ASO (n 5 3) NPC1 ASO (n 5 3)

lg/lg protein pmol/lg protein

C57BL/6 0.007 6 0.002 0.124 6 0.014a 47.6 6 21.1 216.8 6 26.5
TNF KO 0.011 6 0.008 0.160 6 0.040b 93.0 6 20.4 242.5 6 77.5

MM, mismatched; ASO, antisense oligonucleotide. Values are means 6 SD.
a P , 0.05 (C57BL/6 MM ASO vs C57BL/6 NPC1 ASO).
b P , 0.01 (TNF KO MM ASO vs TNF KO NPC1 ASO).

Fig. 2. Appearance of liver enzymes alanine aminotransferase
(ALT) (A) and aspartate aminotransferase (AST) (B) in serum of
C57BL/6 and TNF KO mice treated with mismatched (MM) and
NPC1 ASOs. Each bar represents the mean 6 SD for 5–19 animals
per treatment group. ** P , 0.05.
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data suggest that TNF-a signaling plays a role in hepatocyte
apoptosis resulting from NPC1 dysfunction.

We previously determined that knockdown of NPC1 re-
sults in increased proliferation of hepatic stellate cells

(12). To determine whether TNF-a plays a role in this pro-
cess, we measured the number of BrdU-positive nuclei
in liver tissue. In this study, we found knockdown of
NPC1 in C57BL/6 mice resulted in 17-fold more prolifer-
ating cells compared with control. Lack of TNF-a resulted

Fig. 3. Hepatic lipid accumulation in mismatched (MM) ASO and
NPC1 ASO-treated C57BL/6 and TNF KO mice. A: Quantification
of lipid-laden cells in which each bar represents the mean 6 SD
from five animals in each treatment group. B: Quantification of
lipid granuloma size in which each bar represents the mean 6
SD from five animals in each group. *P , 0.01.

Fig. 4. Hepatic lipid accumulation and clustering of foamy macro-
phages in NPC1 knockdown mice. Massonʼs trichrome-stained liver
sections from C57BL/6 and TNF KO mice treated with mismatched
(MM) and NPC1 ASOs. Images at 2003 magnification. Black ar-
rows indicate foamy macrophages.

Fig. 5. Hepatic inflammation in mismatched and NPC1 ASO-
treated C57BL/6 and TNF KO mice. Massonʼs trichrome-stained
liver sections from NPC1 ASO-treated C57BL/6 and TNF KO mice.
Images at 1003 magnification.

Fig. 6. NPC1 knockdown leads to fewer apoptotic and prolifer-
ative cells in the absence of TNF-a, but liver injury is unchanged.
Quantification of apoptotic (A) and proliferating (B) cells in C7BL/
6 and TNF KO mice treated with mismatched (MM) and NPC1
ASOs. Each bar represents the mean 6 SD for 5–19 animals per
treatment group. * P , 0.01; ** P , 0.05
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in a 3.5-fold reduction in the amount of proliferating cells
(Fig. 6B).

Knockout of TNF-a results in decreased fibrosis and
hepatic stellate cell activation

To determine the role of TNF-a in development of fibro-
sis, liver sections were stained with Massonʼs trichrome to
visualize collagen deposition. Liver sections from C57BL/
6 and TNF KOmice treated with mismatched ASOs showed

normal collagen staining around blood vessels, which is
quantified in Fig. 6A. NPC1 knockdown in C57BL/6 mice
led to a significant increase in the amount of collagen
deposition (Fig. 7A), and most of the collagen surrounded
clusters of foamymacrophages (Fig. 7B). Significant amounts
of collagen were still deposited around blood vessels when
NPC1 was knocked down in TNF KO mice; however, it was
half that seen when NPC1 was knocked down in the presence
of TNF-a (Fig. 7A, C). Given that there was reduced fibrosis,

Fig. 7. NPC1 knockdown leads to less fibrosis in the absence of TNF-a. A: Quantification of collagen deposi-
tion in trichrome-stained liver sections from C57BL/6 and TNF KO mice treated with mismatched (MM)
and NPC1 ASOs. The normal blue color of collagen has been replaced with green to allow quantification
using the QuantiColor program. Representative images from NPC1 ASO-treated C57BL/6 (B) and TNF KO
(C) liver sections reveal differences in collagen deposition. ** P , 0.05.

Fig. 8. NPC1 knockdown leads to less stellate cell activation in the absence of TNF-a. A: Quantification of
immunohistochemistry for a-smooth muscle actin was performed on liver sections from C57BL/6 (B) and
TNF KO (C) mice treated with NPC1 ASOs. * P , 0.01.
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we hypothesize that fewer stellate cells were activated when
NPC1 was knocked down in TNF KO mice.

To identify activated stellate cells, we performed a-sma
immunohistochemistry. Liver sections from mice treated
with mismatched ASOs showed few stained cells (Fig. 8A),
whereas NPC1 knockdown in C57BL/6 mice led to a 20-fold
increase in the number of a-sma-positive cells (Fig. 8A, B).
NPC1 knockdown in TNF KO mice led to approximately
50% fewer a-sma-positive cells (Fig. 8A, C).

DISCUSSION

Our previous study showed that knockdown of NPC1
expression in mice leads to a disease phenotype that in-
cludes hepatomegaly, hepatic unesterified cholesterol
storage, elevated liver enzymes, and hepatocyte apoptosis
(12). The activation and proliferation of stellate cells pro-
duces collagen deposition and fibrosis. Foamy, vacuolated
macrophages form and recruit inflammatory cell infil-
trates. The goal of the current study was to identify the
signals involved in the inflammatory process. TNF-a is
an inflammatory cytokine that is released by injured hepa-
tocytes. It activates stellate cells and Kupffer cells and
recruits activated T cells. These cells secrete numerous
cytokines and stimulate each other in a persistent inflam-
matory cycle that leads to liver fibrosis. Our hypothesis
was that TNF-a plays a role in the progression of NPC
liver disease because levels of TNF-a and its receptor,
TNF-R1, are elevated in NPC mouse liver and brain
(11–13). We tested this hypothesis by knocking down expres-
sion of NPC1 in control mice and mice lacking TNF-a.

Our results show that the presence or absence of TNF-a
had no effect on the primary NPC phenotype of hepato-
megaly and hepatic unesterified cholesterol storage; how-
ever, the physiological consequences of NPC cholesterol
storage were blunted by the lack of TNF-a. There were sig-
nificantly fewer apoptotic hepatocytes and proliferative
stellate cells when NPC was knocked down in TNF-a
knockout mice. Most striking was the effect on macro-
phages. NPC knockdown led to the formation of foamy,
vacuolated macrophages in all mice, but the macrophages
failed to cluster into large lipogranulomas in the absence
of TNF-a.

The roles that Kupffer cells play in the initiation and
propagation of hepatocyte apoptosis and fibrosis are
poorly understood. Given that activated macrophages are
important in NPC neuronal disease (26), their involvement
in NPC liver disease may provide a common pathogenic
thread. Future studies in which NPC1 is knocked down in
macrophage-deficient mice may identify their involvement
in hepatocyte apoptosis, inflammation, and fibrosis.

Our study also shows that TNF-a contributes to hepato-
cyte apoptosis in NPC liver disease. NPC1 knockdown
leads to increased numbers of apoptotic hepatocytes when
TNF-a is present but not when it is absent. Liver enzymes
are identically increased in NPC1 ASO-treated mice inde-
pendent of TNF-a. We attribute this to massive lipid ac-
cumulation due to NPC1 dysfunction. TNF KO animals

treated with NPC1 ASOs have cholesterol storage in their
liver tissues identical to that in C57BL/6 mice treated with
NPC1 ASOs. Previously, it has been shown that the amount
of cholesterol taken up into the liver is directly correlated
with the levels of liver injury in NPCnih mice (25).

The signals that link NPC1 dysfunction to TNF-a pro-
duction are unknown. One possibility is that the lysosomal
lipid accumulation damages lysosomal integrity and results
in the release of lysosomal contents. There is precedent
for lysosome disruption to lead to cell death (27–29). The
lysosomal contents that would be released include cathep-
sins, cholesterol, and the products of sphingolipid diges-
tion, e.g., ceramide, gangliosides, and sphingosine. In fact,
sphingosine could be the lipid that initiates lysosome dis-
ruption. We and others (30, 31) have found that the level
of sphingosine is significantly elevated in NPC liver. Cyto-
solic sphingosine is known to induce permeabilization
of lysosomes, which initiates apoptosis (32). The elevated
hepatic sphingosine that we observed could result from
TNF-a binding to TNF-RI, which activates sphingomyelinase
and ceramidase and generates sphingosine (33, 34). If this
were the mechanism by which sphingosine accumulates in
NPC disease, then we would expect to find hepatic sphingo-
sine levels increased by NPC1 knockdown and the sphingo-
sine increase to be less when TNF-a is absent; however, we
find that hepatic sphingosine levels are increased to the
same level by NPC1 knockdown in the presence or absence
of TNF-a. This result suggests that the sphingosine is not
downstream of TNF-RI activation of sphingomyelinase. In-
stead, we attribute the increased sphingosine to lysosomal
sequestration of the lipid and postulate that it may initiate
lysosomal disruption and lead to hepatocyte injury. The
damaged hepatocytes then initiate the inflammatory cycle
by secreting TNF-a, which activates stellate and Kupffer
cells and recruits activated T cells (20). As noted earlier,
these activated cells secrete TNF-a and other cytokines,
which escalates the inflammatory process.

There are no current therapies for NPC disease that
delay onset of symptoms or prolong survival (35). An ideal
treatment strategy would prevent or relieve the lipid stor-
age and maintain normal liver and brain function. Our work
shows that inflammation is a secondary consequence of
lipid storage in NPC disease, and therefore, reducing in-
flammation would not be expected to lessen progression
of the primary disease phenotype. Nevertheless, treatment
with anti-inflammatory drugs may work synergistically with
agents that reduce the lipid storage to prevent apoptosis,
inflammation, and fibrosis.

The authors thank Maribel Rios and Brigitte Huber at Tufts
University for the use of their microscopes.
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