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ABSTRACT 

Niemann Pick type C (NPC) disease is a rare autosomal recessive 
neurodegenerative lysosomal storage disease caused by a mutation in the NPC1 or 
NPC2 genes. The functions of the proteins these genes encode are not fully 
understood, but are thought to be involved in free cholesterol egress from the acidic 
compartment. The pathogenic cascade in proposed to begin with sphingosine 
accumulation followed by reduction of acidic store calcium levels. This results in 
impairing intracellular trafficking and storage of multiple lipid substrates in the late 
endosome/lysosomal compartment. 
In this thesis, multiple potential therapies have been tested in a mouse model of 
NPC1 disease including neuroprotective compounds. Positive effects were observed 
with some compounds, as reflected by increased life span and/or improved 
neurological function. In the course of these studies, I discovered another factor that 
affects the outcome of treatment with liver metabolised drugs. In the NPC1 mouse 
the cytochrome P450 system is impaired as is the case in the NPC1 cats and in 
patients. This thesis therefore sheds light on the impairment of this system at the 
genetic and functional level and presents data on why this aspect of pathology must 
be considered when designing therapeutics for this fatal neurodegenerative disease. 
This defect was partially corrected with bile acid supplementation, resulting in an 
unexpected functional improvement suggesting benefit in the CNS. Another aspect 
of NPC disease investigated was Crohn’s-like intestinal inflammation that occurs in 
some NPC patients. This has been investigated in the Npc1-/- mouse model using 
two colitis models showing a partial protection by the Npc1 mutation with different 
infection kinetics and secretory cytokine profiles. Taken together, this thesis 
therefore provides insights into two novel aspects of pathogenesis (Crohn’s-like 
intestinal inflammation and a drug metabolism defect) and provides new leads on 
treatments that target unique aspects of the pathogenic cascade. 
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1.1. Niemann-Pick diseases 

Neimann-Pick (NP) diseases were first described in 1914 by the German 

paediatrician Albert Niemann, who published his findings on “An unknown 

disease” in a child with hepatosplenomegaly and CNS disease, leading to premature 

death around the age of 2 years (1). It was the German pathologist Ludwig Pick in 

1927 who further characterised the disease by analysing tissues from patients. 

Crocker first suggested in 1961 the classification of these diseases into 4 groups, 

based on clinical manifestations. He classified the diseases into: type A (the 

originally described case that presented as a fatal infantile form); type B (the 

visceral form with no other symptoms or systems involved); types C and D 

correspond to the later onset neurological forms. Types E and F were identified and 

described later (2).  

Type A and B are caused by mutations in the sphingomyelin phosphodiesterase-1 

(SMPD1) gene which encodes for lysosomal acid sphingomyelinase (ASM) leading 

to sphingomyelin accumulation (3). 

Type D resembles type C but was initially considered a separate disease, as it 

appeared to have arisen from a common ancestry in the Nova Scotian Acadian 

population. However, it is now considered an allelic variant of type C and does not 

stand as a separate entity, since different population-specific mutations have been 

identified with regards to NPA, B and C which are the three recognised forms of NP 

diseases (2).  

The various forms (A, B and C) are grouped under one disease as they all are 

associated with sphingomyelin storage. Type C also results in a secondary reduction 

in ASM activity (4). 
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As the focus of this thesis is on NPC disease I will discuss this disorder in more 

detail.  

1.2. Niemann-Pick type C disease 

Niemann-Pick disease type C (NPC) is an autosomal recessive lysosomal storage 

disease characterised by abnormal lipid storage resulting in progressive 

neurodegeneration. NPC1, which is caused by mutations in the NPC1 gene, 

accounts for approximately 95% of cases while the remaining 5% are attributed to 

defects in the NPC2 gene (5). Mapping of the NPC1 gene to chromosome18 was 

achieved in 1993 (6), while the NPC2 gene (previously known as HE1) was 

described in 2000 (7). The clinical presentation of this disease is indistinguishable 

irrespective of which gene is mutated suggesting they act cooperatively in a 

common cellular pathway (8).  

According to the National Niemann-Pick Disease Foundation, there are about 500 

live NPC1 patients worldwide at any time. However, this is probably an 

underestimate due to its fatal nature and the lack of accurate diagnosis and 

considerable diagnostic delay in many cases (http://www.nnpdf.org). 

1.2.1. Clinical presentation 

NPC has a variable clinical presentation with onset ranging from birth to as old as 

the 70 years (9, 10). Clinical manifestations vary accordingly, from mixed 

neurovisceral symptoms with multiple system involvement to isolated neurological 

symptoms that manifest as cognitive, motor and psychiatric symptoms. Based on 

the heterogeneity in the age of onset, the degree of disease severity and the extent of 

organ involvement; survival and life span can vary from the first days of life to the 

6th decade with the average survival ranging from 10 and 25 years (11). 
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Classically, NPC presents as a progressive neurodegenerative disease with 

neurological symptoms developing following visceral symptoms in the liver 

(typically cholestatic jaundice), if present, which in some cases can be fatal. Typical 

neurological manifestations include cerebellar ataxia, cataplexy, dysarthria, 

seizures, dysphagia, progressive dementia, dystonia and vertical supranuclear gaze 

palsy (VSGP). Psychiatric disorders usually features at late-onset patients (12, 13). 

Systemic disease, although potentially fatal when present at an early age 

(immediately post-natal period), is usually not a feature of late-onset disease and 

has been reported to tend to regress prior to neurological symptoms development 

even in early onset patients (5). 

Systemic and neurological disorders are generally independent; however, age of 

onset of neuropathology is the main determinant of the subsequent course of the 

disease and therefore life expectancy (Figure 1.1 and Table 1.1). 
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Figure 1.1. Niemann-Pick disease type C as a neuro-visceral disease. Summary of 
disease forms with age of onset and manifestations (Modified from (5)). 
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The figure originally presented here cannot be made freely available via ORA 
because of ‘copyright’.
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Onset	

Age	of	

symptoms	

development	

Clinical	features	
Life	

expectancy	

Perinatal	 First	days	or	

weeks	of	life	

Systemic	stage	and	signs:	

Liver	disease,	foetal	hydrops,	foetal	ascites	(14),	

neonatal	cholestatic	jaundice	with	progressive	

hepatosplenomegaly	(50	%	of	cases)	of	variable	

severity	(15).		

Neurological	stage	and	symptoms:		

They	follow	the	resolution	of	jaundice	(90%	of	cases,	

at	2	to	4	months)	However,		hepatosplenomegaly	can	

persist	for	variable	periods.		

Fatal	cholestatic	neonatal	form	occurs	in	about	10%	

of	patients,	with	rapid	deterioration	of	cholestatic	

jaundice	progressing	to	liver	failure	(14).		

Fatal	neonatal	forms	with	severe	pulmonary	

involvement	tends	to	be	associated	with	the	NPC2	
gene	defect	and	presents	with	persistent	severe	liver	

insufficiency	or	hepatosplenomegaly.	It	can	present	

with	pulmonary	alveolar	lipoproteinosis	(16).		

No	neurological	manifestations	are	seen	in	the	

neonatal	period.	

Less	than	

6	months	

Early	

infantile	

(early	onset,	

rapidly	

progressive)	

2	months	to	

2	years	

Systemic	stage	and	signs:	

Hepatosplenomegaly	(as	the	only	feature	that	could	

last	for	years)	with	severe	hepatic	dysfunction.	

Neurological	stage	and	symptoms:		

Neurological	symptoms	start	as	central	hypotonia	

along	with	evident	delay	in	motor	development,	

which	could	start	around	the	age	of	8	to	9	months	and	

up	to	1-2	years	of	age	where	they	become	evident.	

This	could	be	followed	by	loss	of	motor	skills	

(acquired	skills	in	addition	to	children	inability	to	

learn	how	to	walk),	hypotonia,	developmental	delay,	

mental	deterioration,	spasticity	with	pyramidal	tract	

involvement	and	intention	tremor.	While	

psychomotor	delay	is	more	evident	during	infancy,	

supranuclear	gaze	palsy	and	seizures	are	uncommon.	

However,	supranuclear	vertical	gaze	paresis,	ataxia	

and	dementia	could	develop	at	a	later	stage	(24).	

Clinically,	leukodystrophy	and	cerebral	atrophy	are	

detectable	with	MRI.	

About	5	

years	

The table originally presented here cannot be made freely available via ORA 
because of ‘copyright’.
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* All NPC cases present/are associated with neurological symptoms except for the very rare cases of adult 
systemic form and early infantile cases with early death (5). 
Table 1.1. Summary of the various forms of NPC disease (clinical and phenotypic 
spectrum) (based n the age of onset) with a detailed description of the most of the 
observed phenotypes, age of onset, alternative synonyms and predicted survival (5). 

1.2.2. Genetics 

The NPC1 gene was mapped to chromosome 18 (18q11.2) and encodes a 1278 

amino acid membrane protein which resides mostly in the late endosomal/lysosomal 

membrane (22, 23). It consists of a cytoplasmic C-terminus, 13 transmembrane 

domains, a sterol sensing domain (amino acids 615-797, transmembrane domains 3-

7) which exhibit homology to 3-hydroxy-3-methyl-glutaryl-CoA (HMG-CoA) 

reducatse, sterol regulatory element-binding protein cleavage-activating protein 

(SCAP), Patched and Niemann-Pick C1-Like 1 (NPC1L), but its role is not clear. Of 

the three large luminal loops; the cysteine rich domain (amino acids 855-1098, loop 

I) which accounts for about one third of the identified mutations in patients, and the 

Adolescent	

and	Adult	

form	(late	

onset,	

slowly	

progressive)	

>	15	years	

(20s-30s	up	

to	as	late	as	

the	50s	or	

older)	

Adult	systemic	onset	form:	

Very	rare	form,	patients	present	with	isolated	

splenomegaly	(18-21).	

Adult	neurological	onset	form:	

No	organomegaly	is	detected	in	most	cases.	

Neurological	symptom:	VSGP,	cerebellar	ataxia,	

vertical	supranuclear	ophthalmoplegia,	dysarthria,	

movement	disorders	(dystonia,	Parkinsonism,	

chorea),	and	dysphagia.	

Psychiatric	symptoms	(could	persist	for	long	prior	to	

the	development	of	cognitive	impairment):	psychosis	

(paranoid	delusions,	hallucinations	and	interpretative	

thought),	depression,	behavioural	problems	

(aggression,	social	isolation,	bipolar	disorder,	

obsessive-compulsive	disorder,	or	transient	visual	

hallucinations).	

Movement	disorders	are	more	common	in	the	adult	

onset	form	than	in	the	juvenile	onset	form.	The	

phenotype	is	variable	in	adult	patients,	where	some	

can	present	with	movement	disorders	as	the	

dominant	phenotype	while	others	can	have	mainly	

psychiatric	manifestations.		

Epilepsy	is	rare	in	adult	onset	patients	(5).		

40-70	

years	



Chapter 1. Introduction 

   
 

9 

N-terminus domain (amino acids 25-264, loop A, also called NPC1 domain) that is 

conserved among all NPC1 orthologs and contains a leucine-zipper motif that has a 

cholesterol binding site (Figure 1.2) (24, 25). The protein is proposed to be 

involved in the transport of low-density lipoprotein (LDL)-derived cholesterol from 

late endosomes/lysosomes (LE/Lys) and its dysfunction results in the accumulation 

of cholesterol, sphingomyelin, sphingosine and GSLs in the LE/Lys (25). 

Figure 1.2. The proposed structure of the NPC1 protein. NPC1 protein topology 
showing the 13 transmembrane protein with the cytosolic and luminal domains. Consisting 
of 13 transmembrane domains (I to XIII) spanning the LE/Lys limiting membrane, three 
hydrophilic intraluminal loops (where the N-terminal domain and the cysteine rich loop 
resides) and multiple small loops facing the cytosol. Trans-membrane domains III to VIII 
have structural homology to sterol-sensing domain of proteins of a known function in 

cholesterol homeostasis or of cholesterol regulatory functions. The three murine mutations 
are indicated (Npc1nih in red, Npc1spm in green and Npc1nmf164 in blue). Numbers 
indicate amino acid positions (Modified from (25, 26)). 

NPC1 protein has a sequence homology with the resistance-nodulation-division 

(RND) family of permeases, both have the following structure twice: six 

transmembrane domains with a large hydrophilic loop between domains 1 and 2 

(27). Prokaryotic permeases of the RND family are membrane transporters of 

Loop I 
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855 621 371 269 

Loop A 

1 
Loop C 

580 NIH 

971 SPM 

CYTOSOL 

MEMBRANE 

LUMEN 

I              II            III      IV    V    VI     VII    VIII         IX     X     XI   XII   XIII 
Transmembrane  
domains:                  

The figure originally presented here cannot be made freely available via ORA 
because of ‘copyright’.
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detergent-like hydrophobic substrates (28). Supporting the role of the NPC1 protein 

as a transmembrane transporter (4, 25, 29). 

NPC2/HE1 on the other hand is a relatively small (the mature protein is 151 amino 

acids in length) soluble lysosomal protein that is trafficked to the lysosomal lumen 

via mannose-6-phosphate (M6P) receptor and binds cholesterol. The HE1 (NPC2) 

gene was mapped to chromosome 14q24.3 (7). 

A mouse with Npc2 underexpression (only expressing 0-4% protein in various 

tissues) was generated by Sleat et al. (2004) to study this protein’s function with 

and without a functional NPC1 protein. Both the Npc1 and Npc2 single mutants and 

the double mutants presented similarly in terms of age of onset, disease progression, 

lipid storage and pathology. This further supported the link between the two 

proteins acting together to facilitate cholesterol/lipid efflux from the LE/Lys (5, 30). 

About over 300 in the NPC1 gene have been described in NPC1 patients (5, 29). 

The most common mutation is I1061T that is associated with the severe 

neurological infantile form (31). The second most common mutation in Europe is 

the P1007A mutation, seen in the neurological adult onset form (32). The following 

mutations have shown to be associated with the early onset form of the disease with 

typical biochemical presentation: nonsense or frameshift mutations, mutations in the 

sterol-sensing domain and A1054T in the cysteine-rich luminal loop (18). Variable 

disease presentation occurs with mutations in the cysteine-rich luminal loop, in 

which one third of all identified mutations occur (18).  

In NPC2, about 15 mutations have been identified (32). The nonsense mutation 

E20X is the most common (18). Other missense mutations present with varied 

phenotypes, for instance, homozygosity for the C99R mutation in the NPC2 gene 
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were associated with early-onset disease (neonatal or infantile) with premature 

death in early childhood, whereas homozygosity for the V39M and S67P mutations 

correlated with a milder disease where patients lived to adulthood (33). 

1.2.3. Biochemistry of NPC disease 

In contrast to peripheral tissues where cholesterol is the most abundant 

accumulating class of lipid, NPC brain has shown to most abundantly accumulate 

glycosphingolipids (GSLs), predominantly GM2 and GM3 gangliosides, 

glucosylceramide and lactosylceramide (34). This abnormal neuronal storage results 

in characteristic features including: neurofibrillary tangles (NFT) and meganeurite 

formation, extensive ectopic dendrite growth, neuroinflammation and neuroaxonal 

dystrophy (35). 

1.2.4. Cell biology of NPC disease 

The sequence of pathogenic events in NPC disease is controversial and the 

relevance of this sequence of biochemical events to the pathogenesis is still not 

clear. In the U188666A cellular model of NPC disease (a drug that inhibits egress of 

LDL-cholesterol from the lysosome mimicking NPC cellular phenotype (36)), 

sphingosine has been shown to accumulate first, followed by abnormal calcium 

depletion within the lysosome and subsequent build up of cholesterol, 

sphingomyelin and GSLs several hours later (34, 37). Accordingly, NPC1 is 

proposed to play a role in sphingosine efflux from the lysosome (37) and is possibly 

regulated by cholesterol, whereas NPC2 is proposed to transfer cholesterol to NPC1 

(38). Defects in either gene cause abnormal acidic calcium store homeostasis and 

subsequent abnormal lipid storage with intracellular mistrafficking (4) (Figure 1.3, 

Figure 1.4 and Figure 1.5). 
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Figure 1.3. The role of sphingosine in intracellular calcium dyshomeostasis and 
subsequent cellular events leading to NPC pathogenesis. (Left panel) in normal cells, 
calcium enters the acidic compartment by an unknown ATPase, only to be released via the 
TPC in response to the second messenger NAADP. Ceramide in hydrolysed by acid 
ceramidase to sphingosine (immediately get protonated to prevent efflux from the acidic 
compartment), which is normally transported across the lysosomal limiting membrane 
possibly via the NPC1 protein. (Right panel) in NPC1 defective cell, the dysfunctional 
NPC1 protein results in a build-up of sphingosine which via a yet unknown mechanism 
blocks calcium entry to the acidic compartment reducing its overall calcium content to a 
level incompatible with normal cellular processes (endocytosis and fusion) as less calcium 
is therefore being released to the cytosol via the TPC. Disruption of cellular trafficking and 
fusion will lead to the accumulation of lipids characterised by heterogeneous storage 
materials. ILV; inner lysosomal vesicles, TPC; two-pore channel, and NAADP; nicotinic 
acid adenine dinucleotide phosphate (Adapted from (4)). 

The figure originally presented here cannot be made freely available via ORA 
because of ‘copyright’.
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Figure 1.4. Proposed link between NPC1/NPC2 and their role in lipid transport. 
NPC2, as a soluble intralysosomal protein, transport cholesterol from the inner lysosomal 
membrane to the limiting lysosomal protein either directly to the membrane, the NPC1 
protein (its N-terminal domain, to which transport takes place in both directions), to a 
cholesterol exit protein (ABC, not fully characterised, from which cholesterol goes to 
multiple targets such as: sterol carrier protein, MLN64 (for transport to the mitochondria) 
and others. Binding of cholesterol to the NPC1 protein can serve the purpose of cholesterol 
transport or to utilise it for regulatory function in order to transport other molecules such as 
amines (e.g. sphingosine). Upon removal of cholesterol from the lysosome; its subsequent 
fate (esterification in the ER) can take place independent from the NPC1 protein (as seen 
when overcome by up-regulating Rab or elevating cytosolic calcium). On the other hand, 
sphingosine egress from the lysosome is followed by delivery to the ER via unknown 
mechanism or phosphorylation by SphK2 in the outer lysosomal membrane. The soluble 
product, S1P, then enters the nucleus to activate the transcription of the steroidegenic 
enzymes necessary for the ER to process the lysosomal LDL-derived cholesterol. ABC; 
ATP-binding cassette, MLN64; metastatic lymph node 64 protein, ER; endoplasmic 
reticulum, Sphk2; sphingosine kinase 2, S1P; sphingosine-1-phosphate (Adapted from (4)). 

The figure originally presented here cannot be made freely available via ORA 
because of ‘copyright’.
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Figure 1.5. The proposed cascade of pathogenic events leading to neurodegeneration 
in NPC disease. A defect in NPC1 gene results in sphingosine accumulation as an early 
event which in turn reduces acidic store calcium levels either directly or via PKC inhibition. 
PKC inactivation and the lower calcium reserve are proposed to be associated with 
defective endocytosis and subsequent pathological substrate accumulation (cholesterol, 
sphingomyelin and GSLs). Neurodegeneration can be caused by any of these events starting 
from the primary sphingosine accumulation and any other defects downstream (Adapted 
from (4)). 

1.2.5. Animal models of NPC1 

Pentchev et al. (39) in 1984 first described the Npc1nih mouse (BALB/cNctr-

Npc1m1N/J) that has a frame-shift mutation due to a spontaneous retroposon 

insertion in exon 9 of the Npc1 gene, resulting in a truncated protein  (loss of 11 out 

of the 13 transmembrane domains). Presenting as an early onset, severe disease, this 

model is more useful in studying the early onset, infantile form of the disease. This 

mouse model starts to show symptoms at the age of 6-7 weeks with weight loss, 

tremor and ataxic gait, which continue to progress and become more severe until 

Search for the Offending Metabolite in NPC Disease

The Case for and Against RND Permease
Substrates

A number of RND permease substrates have been studied
based on the NPC1 protein’s homology to these multi-
drug efflux pumps. Acriflavine has been reported to be a
substrate transported by NPC1 (77); however, redundancy
may exist in fatty acid transport as they do not store
in NPC1 null cells (78). More recently, a role for NPC1
in regulating lysosomal content of endogenous amines
has been proposed (79). NPC1-deficient cells have a
defect in clearance of amines such as neutral red when
compared with wild-type cells and other cells from other
lysosomal disorders (79). In addition to facilitating the
transport of endogenous amines it is well established
that amphiphilic hydrophobic amines (e.g. U18666A
and imipramine) inhibit NPC1 function (79). Furthermore,
an unexpected finding was that certain amines could
stimulate the NPC1-dependent trafficking of lysosomal
cargo (e.g. imidazole) (79). Therefore, there are molecules
in this class that can stimulate, inhibit and act as substrates
for NPC1 transport. Interestingly, one of the storage lipids
falls into this class, namely sphingosine.

The Case for and Against Sphingosine

Sphingosine is a potent inhibitor of PKC, calcium
channels, cell cycle progression and a mediator of
apoptosis (80–84). Sphingosine is generated through acid
ceramidase catalysed lysosomal catabolism of ceramide
derived from GSLs and SM catabolism and via the
sphingolipid salvage pathway is a precursor for ceramide
biosynthesis and the immediate precursor of the second
messenger S1P (85,86). Sphingosine is protonated on the
amino group once liberated from ceramide in the Lys (82).
As a result of its net positive charge (indeed it is the only
lipid stored in NPC that is positively charged) it requires
a transporter (currently unknown) to facilitate its egress
from the Lys.

Sphingosine levels are increased in NPC1 disease
(Figure 2). In the liver, spleen and the brain, there are
differential increases in sphingosine ranging from 12-fold
in the periphery to 4-fold in the brain (15,16). This degree
of storage is unique to NPC1 (23). Sphingosine is also
elevated in NPC2 (Lloyd-Evans and Platt, unpublished
observation). The possibility that sphingoid bases are
involved in the early stages of NPC1 pathology is increased
by the observation that exogenously added sphinganine
or sphingosine is capable of inducing an NPC phenotype
in normal cells (87), sphingosine induces an NPC1
phenotype at a lower concentration than sphinganine (88).
In fact, of all the NPC1 storage lipids sphingosine is the
only one that induces an NPC phenotype in normal cells
when added at the concentration found in NPC storage
cells (15). It has been demonstrated that sphingosine
is the first lipid to be elevated following inactivation
of NPC1 in healthy cells using the class II amphiphile

that binds to NPC1 and induces an NPC phenotype in
healthy cells (U18666A) (12,15). This elevation occurred
within 10 min following U18666A addition, followed by
secondary elevation of cholesterol, SM and GSLs at
4–8 h (15). This secondary storage of lipids was caused
by defective endocytosis detected at 2 h post-U18666A
treatment (15). A key observation in this study was that
sphingosine storage caused a unique defect in filling the
LE/Lys calcium store (15). Normally, calcium entering cells
from the extracellular fluid via endocytosis is expelled at
the level of the early endosome as a counter ion for initial
acidification (89) (Figure 4). As a result, the LE/Lys (which
has a resting calcium level of ∼600 µM (15,90)) fills the
store via an ATP-dependent process (91). The identity of
the putative Ca2+-ATPase is currently unknown.

Figure 3: Putative pathogenic cascade. NPC1 inactivation
leads to the rapid primary accumulation of sphingosine that
causes a defect in lysosomal calcium store filling that may be
mediated by sphingosine inhibiting PKC. The PKC inhibition and
lack of appropriate calcium release from the LE/Lys compartment
leads to trafficking defects that in turn cause secondary storage of
other lipids including cholesterol and GSLs. Neurodegeneration
may result from defects from all or any combination of these
events.

Traffic 2010; 11: 419–428 423

The figure originally presented here cannot be made freely available via ORA 
because of ‘copyright’.
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premature death at the age of 12 to 14 weeks. The mouse presents with 

hepatosplenomegaly with sphingomyelin and unesterified cholesterol storage, 

cerebellar Purkinje cell loss.  

The other null allele of Npc1 is the Npc1spm (Npc1spm mouse, C57BLKS/J-

Npc1spm/J) identified in 1975 as spontaneous mutation which results in a frame shift 

and subsequent truncated protein with total loss of the functional NPC1 protein and 

homozygous mice for this mutation present with similar disease phenotypes as the 

Npc1nih mice (40, 41). 

Clinical features of these mouse models are summarised in Table 1.2. 

Age	

(weeks)	

Disease	stage	 Clinical	symptoms	and	signs	 Biochemical	and	histological	

changes	

6-7	 Early	

symptomatic	

Weight	loss,	ataxia	and	gait	

abnormalities,	progressive	

deterioration	in	motor	and	

neurological	function,	tremor,	lack	

of	responsiveness	to	external	

stimuli	and	infertility	

	

8-10	 Late	

symptomatic		

Hepatosplenomegaly,	progressive	

worsening	of	all	neurological	

problems,	inability	to	walk,	eat	or	

drink.	

Hepatosplenomegaly	and	

enlargement	of	lymph	nodes,	

foam	cells	in	liver	and	spleen,	loss	

of	cerebellar	Purkinje	cells,	

elevated	levels	of	sphingomyelin	

and	free	cholesterol	in	the	liver	

and	spleen,	significant	reduction	

in	the	activity	of	

sphingomyelinase	in	liver	(to	

30%),	spleen	(to	50%)	and	brain	

(to	70-80%).	

12-14	 End-stage	 Death	 	

Table 1.2. Summary of the of Npc1nih and Npc1spm mouse with the main signs 
associated disease stages (39, 40). 

The other mouse model of NPC is the Npc1nmf164 mouse (C57BL/6J-Npc1nmf164/J), 

the result of a point mutation in the Npc1 gene (amino acid change D1005G) 

affecting the cysteine rich luminal loop of the protein, the region which accounts for 
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about 30% of the identified mutation in NPC1 patients, the I1061T and P1007A 

alleles (5, 42). Unlike the two null Npc1 mouse models, this point mutation results 

in a partial loss of the functional of the NPC1 protein and therefore this mouse 

model has a milder form of the disease with later onset and slow progressing with 

progressive ataxia and motor dysfunction, weight loss, sphinigomyelin, GSLs and 

cholesterol storage in the liver and spleen, depletion of cerebellar Purkinje cells, 

GM2 and GM3 gangliosides accumulation and microglial activation and cholesterol 

storage in neurons leading to premature death at about 16 weeks. This allele was 

identified from ethylnitrosourea (ENU) mutagenesis in C57BL mice while 

screening for induced recessive mutations with neurological manifestations at the 

Neuroscience Mutagenesis Facility at The Jackson Laboratory (26). The amino acid 

positions of the three murine mutations are shown in (Figure 1.2). 

The feline form of NPC disease was described in a domestic short-hair kitten in 

1990 (43) and a breeding colony was established. The feline model has a 

spontaneous missense mutation (44). Description of the biochemistry and clinical 

signs in the cat model followed in 1994 by Brown et al (45). Neurological signs 

include head and whole body intention tremor developing from 8 to 12 weeks of 

age, followed by rapid progression to dysmetria and ataxia, and premature death 

occurs at 8 to 10 months of age. Systemically, kittens present with low birth weight 

and hepatomegaly. 

1.2.6. Clinical diagnosis 

There is no gold standard diagnostic test for NPC disease and thus diagnosis is 

mainly aided by suspicion arising from unexplained psychiatric illness, dementia, 

cognitive impairment especially when accompanied by cerebellar ataxia and 

dystonia.  
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Electron microscopy showing heterogeneous intracellular storage particles can be 

diagnostic in expert hands. The classical testing for NPC disease has for many years 

been a cytological test using skin fibroblasts stained with filipin to visualise 

cholesterol storage (46). Diagnosis is confirmed by mutation analysis (47, 48). An 

algorithm of diagnostic laboratory tests is summarised in Figure 1.6. 

Figure 1.6. Flow chart of laboratory tests conducted for the diagnosis of NPC disease. 
aNew assay being validated; btwo subsequent tests (not duplicate); c false positive result in 
inclusion-cell disease (ML-II and –III) however, clinical presentation is completely 
different; dASM deficiency can give a similar filipin pattern; enot certainly pathogenic; 
fcDNA is usually needed to study the effect of splice mutations. ‘+’ and ‘−‘ signs 
corresponds to  ‘positive’ or ‘negative’ results for filipin staining , respectively (Adapted 
from (49)). 

1.2.7. Markers of NPC disease 

Until recently, there have been no biomarkers of NPC disease that aid diagnosis, 

monitoring disease progression and response to therapy. 

The figure originally presented here cannot be made freely available via ORA 
because of ‘copyright’.
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The involvement of oxidative stress in the pathogenesis of NPC disease causes non-

enzymatic oxidation of cholesterol. The resulting oxysterols have been validated as 

a biomarker that found to be elevated in NPC1 patients before the onset of the 

symptoms and are reduced in response to cyclodextrin (CD) treatment in the feline 

model of NPC1 disease (50). A sensitive, non-invasive, robust assay has been 

developed that employs a liquid chromatographic-tandem mass spectrometric (LC-

MS/MS) method which quantifies two oxysterol species: in human (patient plasma) 

following derivatisaton with N,N-dimethylglycine (51). Two oxysterol species in 

particular were found to be elevated and have been suggested to be used as markers: 

cholestane-3β,5α,6β-triol and 7-ketocholesterol (51). Whether these oxysterols are 

also elevated in NPA and NPB remains to be determined. 

Lysotracker® is a fluorescent probe that accumulates in intracellular acidic 

organelles. Recently, the use of a FACS assay to measure relative lysosomal volume 

using Lysotracker® in peripheral blood B-lymphocytes has been described in a 

long-term, prospective multi-centre collaborative study with over 100 NPC patients. 

This marker was able to detect response to treatment and correlated with age 

adjusted severity scores (52, 53). 

Chitotriosidase is a chitinase that is secreted by activated macrophages and is 

thought to be important for host defence against chitin-containing pathogens. 

Plasma chitotriosidase is elevated in multiple lysosomal storage diseases (LSDs) 

and is used as a marker for Gaucher disease (54, 55). It has also been shown to be 

also elevated in NPC patients (56) but as an NPC disease marker, it has a relatively 

low sensitivity and specificity (57). 
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Chemokine (C-C motif) ligand 18 (CCL18), previously known as pulmonary-and 

activation-regulated chemokine (PARC), is a small cytokine from the CC 

chemokine family. Its function is to mediate chemotaxis of leukocytes (58). It has 

shown to be elevated in young NPC patients and been tested as a potential marker 

for NPC and also Gaucher disease, but its sensitivity and specificity have not been 

established. It is particularly useful for patients with normal chitotriosidase levels 

(59). 

1.2.8. Inflammatory components of NPC disease 

Inflammation is a complex physiological process involving multiple cellular and 

molecular elements that are tightly regulated to maintain homeostasis. Loss of such 

tight control and regulation of inflammation could transform this healthy 

physiological response into chronic inflammation (60). Insults that trigger an 

inflammatory response in neurodegenerative diseases are typically misfolded 

proteins that build up/aggregate due to their abnormal conformation or an 

affected/damaged neuron which signals to the immune system (60). 

Although the CNS has long been described as immune privileged, it is known now 

that it has its own immune elements such as microglia which play a key role in 

clearing damaged neurons and release inflammatory cytokines tumor necrosis factor 

(TNF) and interleukin-1β (IL-1β) to initiate a local immune response in the CNS 

(61). 

Over a century ago, the description of activated microglia (potentially caused by 

signals resulting from neuronal cell death and release of proinflammatory cytokines) 

predicted a role for the immune systems in the pathogenesis of neurodegenerative 

diseases. This link between chronic CNS inflammation and pathology is indeed a 



Chapter 1. Introduction 

   
 

20 

common feature of many neurodegenerative disease including LSDs, Alzheimer’s 

disease and Parkinson’s disease (62). Another element of CNS inflammation in 

neurodegenerative diseases is the recruitment of other pro-inflammatory cells and 

the generation of reactive oxygen species which lead to oxidative stress which 

further feeds the local inflammatory process by stimulating the production of 

adhesion molecules and the secretion of inflammatory cytokines (63). 

The involvement of multiple elements of the immune response in neurodegenerative 

disease such as Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral 

sclerosis (ALS), multiple sclerosis has been reported (62). Inflammation in these 

disorders does not present as an early initiating event, however, results from animal 

studies support the role and contribution of inflammatory events in progression of 

neurodegenerative disease. A crucial point regarding this component of 

neurodegenerative diseases is the benefit of blocking such responses to slow further 

damage induced by inflammation may be a universal adjunct therapy if it can be 

achieved without immunocompromising the individual (64). 

In NPC disease, the expression of multiple genes related to lipid metabolism and 

inflammation have been shown to be significantly elevated in Npc1-/- mice (such as 

TNF receptor 1α, 1β and complement C1q and C3) (65) while those associated with 

an anti-inflammatory response were markedly under-expressed (interleukins IL-

4/10/13) (66, 67). Also, multiple apoptotic signalling molecules stimulated by TNF 

such as caspase-8, FADD, TNFRp55, TRADD, and RIP were also elevated 

contributing to both CNS and peripheral inflammation in NPC disease (68, 69). 

Programmed necrosis “necroptosis” is mediated by receptor-interacting 

serine/threonine-protein kinase 1 (RIPK1) and RIPK3 upon TNF receptor 

activation. The expression of both RIPK1 and RIPK3 was not changed in Npc1-/- 
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mouse brain, as opposed to upregulation seen in brains from mouse models of 

Krabbe and Gaucher diseases indicative of a different inflammatory pathways 

activated in these LSD mouse models (70). 

CNS inflammation in Npc1-/- mice starts prior to symptom onset at two weeks of 

age, showing microglial activation in some brain areas, which then extends to reach 

most regions by the age of 4 weeks and is then sustained through out the life span of 

the mice until they reach end-point and premature death at about 12 weeks (71). 

Therefore it appears that CNS inflammation (presenting as astrocyte and microglial 

activation) is a very early event in disease progression suggestive of a correlation or 

link between microglial activation and CNS disease and neurodegeneration in NPC 

disease (72) (Figure 1.7). 

Figure 1.7. Immune response to CNS damage. Neuroinflammation leads to glial cell 
activation and activates a local inflammatory response In acute CNS damage, circulating 
leukocytes are recruited to the CNS contributing to the resolution of the local innate 
inflammatory response. Failure to resolve local immune response due to insufficient 
systemic immune response, seen in chronic neurodegeneration, this results in chronic 
neuroinflammation, with increased toxicity and neuronal death (Adapted from (73)).  

The figure originally presented here cannot be made freely available via ORA 
because of ‘copyright’.



Chapter 1. Introduction 

   
 

22 

1.2.9. Clinical management of NPC disease 

Symptomatic management targeting individual manifestation of the disease using 

established drugs has been the basis for clinical management of NPC disease for 

many decades. Examples include antiepileptic drugs for seizures, clomipramine, 

protriptyline, or modafinil for cataplexy, which is a common feature seen in NPC 

patients (74), anticholinergic agents for dystonia and tremor all of which has been 

shown to be beneficial in NPC patients. Additionally, physiotherapy along with 

occupational and speech therapy should accompany such standard regimens for 

better outcome. Special education may prove useful for infantile cases where the 

disease is slowly progressing. However, when the disease further progresses, some 

special arrangements should be considered for further neurological impairments 

such as special feeding by modifying food formulations (softening or thickening) or 

feeding through gastrostomy tube in more advanced cases to insure sufficient 

caloric intake. More information and additional support can always be provided by 

national, continental and world specialised organisations, fully dedicated to NPC 

disease (5). Bronchodilators and antibiotics are commonly employed for the 

management of the associated respiratory tract infections. Sleep disturbances 

(narcolepsy) have been noticed in this group of patients, for which no intervention 

has been proposed (although melatonin has been suggested to treat insomnia), 

which necessitate continuous supervision. The finding of the biochemical basis of 

these sleep disorders could be a key finding toward developing an effective therapy 

for this aspect of the disease (75). 
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1.2.10. Overview of therapies for NPC disease 

An ideal treatment for NPC disease should target an aspect of the underlying 

pathogenesis to achieve maximal clinical benefit and be used in conjunction with 

existing therapies for treating specific symptoms. In addition to symptomatic 

treatment, several therapeutic options have been developed and extensively 

examined; some are still undergoing clinical trials while others have been already 

approved for human treatment. To date the only specific approved therapy for NPC 

disease is miglustat, a substrate reduction therapy that targets GSL biosynthesis (see 

below). Figure 1.8 and Table 1.3 summarise the different therapeutics and their 

targets. 

Figure 1.8. Targets of therapeutic intervention for NPC disease. Cyclodextrin, miglustat 
and Rab9 overexpression modulate cholesterol and sphingolipids. LXR agonism 
(T0901317) facilitates cholesterol efflux in the CNS. GSK3b inhibition (by lithium) 
prevents hyperphosphorylation of the tau protein and subsequent formation of 
neurofibillary tangles. CDK5 inhibition (by R-roscovitine) suppresses neurodegenerative 
pathways associated with CDK5 overexpression. Curcumin incresases acidic compartment 
calcium levels alleviating lipid storage. Neurosteroids (e.g. allopregnanolone) mediate 
signal transduction, as they are deficient in NPC cells, E/L: Endosomal/lysosomal; LXR: 
Liver X receptor (Adapted from (76)). 

The figure originally presented here cannot be made freely available via ORA 
because of ‘copyright’.
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	 Therapy	 Target/(mechanism)	 Models	 Reference	

T
e
s
te
d
	c
li
n
ic
a
ll
y
	

Bone	marrow	

transplantation	(BMT)	

NPC	dysfunction	/(replace	a	

defective	protein)	

Benefit	in	NPC2	but	not	NPC1	patient	

NPC1	patient	

NPC2	patient	

Npc1-/-	mouse	
and	NPC1-/-	
cat	

(77)	

(78)	

(79)	

	

Cholesterol	lowering	

therapy	

Lovastatin,	

cholestyramine,	and	

nicotinic	acid	(statins).	

Probucol	and	Nifedipine.	

Cholesterol	storage	/(reduce	

cholesterol	biosynthesis)	

No	clinical	efficacy	demonstrated	in	

trials.	

	

	

NPC	patients	

	

Npc1-/-	mouse	

	

	

(80)	

	

(81)	

Substrate	reduction	

therapy	(SRT)	

Miglustat	

Sphingosine	and	GSL	

storage/(reduce	GSL	storage)	

Clinical	efficacy	demonstrated	and	

approved	world-wide	except	by	FDA	

Npc1-/-	mouse	
and	NPC1-/-	
cat	

NPC	patients	

(82)	

	

	

(83,	84)	

T
e
s
te
d
	i
n
	a
n
im
a
l	
m
o
d
e
ls
	

Curcumin	 Altered	calcium	homeostasis	

/(calcium	modulating,	SERCA	

antagonist	elevating	cytosolic	

calcium)	

Npc1-/-	mouse	 (37)	

Gleevec	(imatinib	

mesylate)	

Neurodegeneration	(proapoptotic	c-

Abl/p73	system)/(anti-apoptotic	

effect)	

Npc1-/-	mouse	 (85)	

By-product	replacement	

therapy	(BRT)	

Allopregnanolone	

Defective	steroidogenesis	

(allopregnanolone	replacement)	

Npc1-/-	mouse	 (86)	

Cyclodextrin	(CD)	 Cholesterol	and	GSL	

storage/(facilitate	cholesterol	efflux	

from	the	lysosome)	

Npc1-/-	and	
Npc2-/-	mouse	

(87,	88)	

Liver	X	receptor	(LXR)	

agonist	T0901317	

Defective	sterol	

metabolism/(increase	sterol	

metabolism,	facilitate	cholesterol	

efflux)	

Npc1-/-	mouse	 (89)	

Rab9	Overexpression	 Intracellular	mistrafficking/(alter	

trafficking/endocytic	function)	

Npc1-/-	mouse	 (90)	

Cyclin-dependent	kinase	5	

(CDK5)	inhibitors	

Cytoskeletal	lesion	formation	(NFT)	

induced	by	hyperphosphorylation	of	

tau	proteins/(inhibit	cytoskeletal	

lesion	formation)	

Npc1-/-	mouse	 (91)	

Anti-inflammatory	agents	 	

Neuroinflammation/(anti-
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Table 1.3. Summary of therapeutic options for NPC disease discussed in this overview, 
with their pathological targets and tested models. 

 1.2.10.1. Bone marrow transplantation (BMT)/ gene 
therapy/protein replacement therapy 

Monogenic enzyme deficiency LSDs, can be targeted using gene therapy replacing 

the mutant gene and thus restoring normal hydrolytic enzyme function. Multiple 

animal studies have provided proof of concept (98, 99). The aim is to deliver 

enough functional enzyme to prevent pathogenic storage, provided that the 

hydrolases from the normal cells can secreted and taken up by adjacent mutant cells 

(typically via cell surface M6P receptors) (100). There is also the need to be able to 

deliver the functional gene to the CNS and peripheral organs for the majority of 

LSDs which remains a technical challenge (101). 

NSAIDs	(ibuprofen)	

	

Anti-TNF	biologics	

(CNTO5048)	

inflammatory	effect)	

Peripheral	inflammation	

(liver)/(anti-inflammatory	effect)	

Npc1-/-	mouse	

	

NPC1	liver	

specific	

knockdown	

mouse	

(92)	

	

(93)	

Antioxidants:	Tamoxifen	

(antioxidant	properties)	

vitamin	E	and	C	

Oxidative	stress/damage/(anti-

oxidant	effect)	

Npc1-/-	mouse	 (92,	94)	

Molecular	chaperones	

Heat	shock	protein	70	

(HSP70)	(95)	

Impaired	lysosomal	membrane	

stability/(increase	lysosomal	

membrane	stability)	

Npc1-/-	mouse	
NPC	patients	

Unpublished	

Trial	

planned	

T
e
s
te
d
	in
	v
itr
o	

Histone	deacetylase	

inhibitors	(HDACi)	

underexpression	of	NPC1,	impaired	

neuronal	regeneration,	morphology	

and	differentiation,	defective	

cholesterol	

homeostasis/(upregulating	NPC1,	

reduce	cholesterol)	

Npc1-/-	mouse	
neuronal	

stem	cells	

NPC	patients	

(96)	

	

	

Trial	

planned	

Acid	sphingomyelinase	

(ASM)	enzyme	

replacement	or	gene	

transfection	(SMPD1)	

Secondary	ASM	deficiency/(increase	

ASM	activity)	

NPC1	patient	

fibroblasts		

(97)	
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Based on the same principle of gene therapy utilising the advantage of cross 

correction, protein replacement therapy is another approach involving the 

administration of soluble protein in a form that could be recognised and bound to 

cellular receptors and taken up by lysosomes in various tissues. Modification 

usually includes the addition of M6P since it is ubiquitously expressed at the cell 

surface, thus insuring targeting to the lysosome. Although initiation of immune 

response (antibodies) against these proteins has been reported in some cases, this 

approach has proven efficient, safe and well-tolerated way of delivering therapeutic 

efficacy particularly in type 1 Gaucher disease (102). However, CNS delivery of the 

defective protein cannot be achieved by intravenous administration as lysosomal 

enzymes do not cross the blood-brain barrier, and therefore correction of central 

defects and neurodegeneration is not achieved. Targeting the cerebrospinal fluid 

(CSF) could be a useful therapeutic potential. Intrathecal administration of the 

recombinant enzyme in high concentration has proved successful in normalising 

lysosomal storage in the brain of animal models of some lysosomal diseases, for 

example mucopolysaccharidosis I (MPS I, Hurler syndrome) (103).  

However, in the case of NPC1 disease, where the defective protein is not an enzyme 

and is a multi-membrane spanning protein, this approach has limited applicability 

(7). However, due to the nature of the NPC2 protein (a M6P targeted soluble intra-

lysosomal protein), correction by haematopoietic stem cell transplantation (gene 

therapy or bone marrow transplantation) or by M6P targeted protein (protein 

therapy) is possible (5). 

Bone marrow transplantation was first examined in murine and feline models of 

NPC1 disease, however, the outcome was not satisfactory and no improvement has 

been observed. A trial transplanting haematopoietic stem cells (BMT) producing the 
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soluble NPC2 protein in a child has produced encouraging results throughout the 18 

month monitoring period, provided that sufficient immunosuppressive therapy is 

properly given (78). Whereas in NPC1 disease, BMT did not prevent further 

neurological deterioration observed in NPC1 patient (5, 77). 

 1.2.10.2. Lipid (cholesterol) lowering therapy 

Since the establishment of NPC disease as a distinct disease entity, several 

therapeutic approaches has been proposed and examined based on the data 

accumulated on the underlying biochemical defect. The very first trials targeted 

cholesterol, as the offending molecule, through lipid lowering drugs, dietary 

manipulation or cytotoxic agents aiming to reduce free cholesterol levels. These 

trials were further encouraged by the availability of a wide range of cholesterol 

lowering agents and the evidence of involvement of both NPC1 and NPC2 protein 

in cholesterol transport. Moreover, the critical role of cholesterol homeostasis in the 

brain (104) could imply that such therapy would restore normal neuronal 

functioning and reverse the toxic effect of excessive cholesterol in these cells.  In 

the first clinical trial in 1993 (80), three different classes of hypolipidaemic agents 

were used: cholestyramine (bile acid sequestrant), lovastatin (HMG-CoA reductase 

inhibitor) and nicotininc acid (hormone-sensitive lipase inhibitor) with an average 

follow up period of 4 months, cholesterol levels were successfully normalised in 

peripheral tissues (liver and serum) (80). However, there was no evidence of any 

beneficial effects of such treatments on neurological disease progression, although 

visceral tissues responded to some extent. Similar outcomes were seen with liver 

and bone marrow transplantation (5, 81, 100). When this approach was revisited in 

the mouse model of NPC1 disease, similar pattern of response was observed with 
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significant reduction in peripheral cholesterol levels but no effect on 

neuropathology (81). 

 1.2.10.3. Substrate reduction therapy (SRT) 

The imino sugar N-butyldeoxynojirimycin (NB-DNJ, miglustat, Zavesca, OGT 918) 

was first considered for NPC disease treatment as a way of investigating the 

involvement of GSL storage in NPC disease pathogenesis through reversible 

inhibition of the first and rate limiting step of GSL synthesis (glucosylceramide 

synthesis). This small molecule offers the advantage of crossing the blood-brain-

barrier thus exert its inhibitory effect in the CNS in addition to peripheral tissues, as 

shown in murine models of Tay-Sachs and Sandhoff disease (105, 106). Both NB-

DNJ and its galactose analogue, NB-DGJ (being more selective than NB-DNJ and 

thus avoiding its undesirable side effects) (107) have been reported to delay onset of 

neurological symptoms and extend life expectancy in murine and feline models of 

NPC disease, concomitant with a significant reduction in GSL storage, further 

supporting their involvement in neuropathogenesis (82). 

Miglustat, previously (2002) approved for mild to moderate type 1 Gaucher disease 

(108), have progressed into controlled clinical trials in NPC1 disease (83, 84, 109). 

Results have shown stabilisation of disease for one year or longer (in about 70% of 

cases). As a result, the use of miglustat was further extended by the European Union 

in 2009 for treating neurological symptoms in paediatric and adult NPC patients. 

That was then followed by other countries world-wide approving miglustat for the 

same use, with the notable exception of the FDA. 

Another international, cohort study where assessment of patients on miglustat was 

made based on a disease disability scale. Treated patients had a significant delay in 
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disease progression assessed annually (110). Due to its adverse effects its not 

recommended for patients with only systemic disease as it has no effect on non-

neurological manifestation (5). 

 1.2.10.4. Calcium-modulating agents 

Many intracellular processes are dependent on cytosolic calcium, such processes 

include LE/Lys fusion and transport across acidic compartment membrane (111). 

Calcium is released from the acidic compartment in response to the second 

messenger NAADP, failure of sufficient calcium release and subsequent impairment 

of fusion/transport events has been shown to give rise to NPC phenotypes in vitro 

(111). NPC cellular phenotypes were readily corrected by calcium mobilisation 

from other cellular organelles following the administration of calcium-modulating 

agents (thapsigargin and curcumin) which are known to act as inhibitors of the 

sarco(endo)plasmic reticulum ATPase (SERCA) thereby elevating cytosolic 

calcium (Figure 1.9).  

It should be further emphasised that none of these calcium-mobilising agents correct 

the acidic compartment calcium levels (which are significantly lower in NPC cells), 

they rather act via elevating cytosolic calcium through inducing calcium release 

from other cellular compartments, thus compensating for the impaired release from 

the acidic compartment (37). 
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Figure 1.9. Schematic representation of the effect of curcumin on compensating for 
reduced acidic compartment calcium release in NPC1 cells. EE, early endosome; CaM, 
calmodulin; LE, late endosome; Lys, lysosome (Adapted from (37)). 

 1.2.10.5. Curcumin 

Since lipid accumulation in the LE/Lys compartment in NPC1 cells is thought to be 

the result of calcium depletion in this compartment, a logical approach to treating 

NPC disease cells would be to evaluate compounds, which are known to elevate 

calcium levels in the cell to compensate for this deficiency in the acidic store. One 

of these molecule is curcumin, the active component of turmeric, it has shown to be 

both effective and is known to be nontoxic and safe to administer. 

In vivo experiments in murine model of NPC using curcumin as the therapeutic 

agent (a weaker SERCA antagonist than thapsigargin (112)) significantly improved 

life span and function of the Npc1-/- mouse. Sphingosine was the only metabolite 

which was not significantly reduced in NPC brain following curcumin treatment, 

compared to untreated Npc1-/- mice, suggesting that sphingosine mistrafficking 

precedes, and possibly precipitates the calcium defect in the sequence of events 

leading to NPC disease (37). The results from the original in vivo study with oral 

dose of 150 mg/kg were in agreement with the in vitro data, which raised the 

question of whether this is a dose-dependent response and that a higher dose could 

The figure originally presented here cannot be made freely available via ORA 
because of ‘copyright’.
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be desirable in this case. Borbon et al (113) has tested this theory where Npc1-/- 

mice where fed a diet supplemented with 2% curcumin in two formulations. 

However, no additional benefit resulted from the higher dose, in contrast and due to 

the proposed “toxicity” of the high dose, this dose failed to increase survival rate 

even to the levels associated with the 150 mg/kg dose. Various curcumin 

formulations were tested in this trial, although they were associated with higher 

blood and brain levels, they did not achieve the maximal efficacy seen when the 

standard high purity curcumin was used. This may suggest an associated toxicity 

from higher plasma curcumin levels. This “hypothesis” has been further supported 

by experiments in animal models of neurodegenerative disease where curcumin has 

been shown to having neuroprotective effect, and when tested in vitro lower 

concentration was “proliferative” while increasing the concentration was cytotoxic. 

In vivo studies have shown that low levels were also neuroprotective, stimulating 

neurogenesis in the mouse hippocampus.  

Curcumin has an established safety profile and efficacy as an anti-inflammatory, 

antioxidant, and anti-protein-aggregate agent at sub-micromolar concentration. It 

exerts its neuroprotective effect via many pleiotropic actions including anti-

inflammatory, antioxidant, and anti-protein-aggregation activities, induction of heat 

shock protein synthesis, reducing total cholesterol and increasing high density 

lipoprotein cholesterol levels and also protects against neurotoxicity and 

excitotoxicity (114). 

 1.2.10.6. Gleevec (imatinib mesylate)  

The p73 member of the p53 family of transcription factors regulates neuronal cell 

death by inducing the expression of proapoptotic genes (115) upon activation by c-

Abl kinase (116). Alvarez et al (85) have shown the expression of the proapoptotic 
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c-Abl/p73 system in cerebellar neurons in Npc1-/- mice plays a role in cerebellar 

neurodegeneration. The study also demonstrated a positive clinical effect of 

inhibiting c-Abl in Npc1-/- mice using imatinib, an FDA approved drug for treating 

chronic myelogenous leukaemia (117). Treated mice had a significant increase in 

cerebellar Purkinje cell survival and a marked reduction in apoptosis in the 

cerebellum, accompanied by functional benefit and increased survival of treated 

mice. 

 1.2.10.7. By-product replacement therapy (BRT, 
allopregnanolone)  

Due to the findings that Npc1-/- mice are infertile and have abnormal reproductive 

system, it was suggested that cholesterol sequestering has lead to defective 

steroidogenesis and steroid hormone deficiency. Such biosynthetic pathway is also 

crucial for neurosteroids, which are essential for neuronal integrity and function 

(86). Neurosteroidogenesis has been shown to be defective in Npc1-/- mice with 

significant reduction in the levels of allopregnanolone associated with diminished 

neuronal development (118).  This represents a potential target for therapeutic 

intervention in NPC disease, which could be responsive to this end-product 

replacement therapy. Treatment of Npc1-/- mice with a single dose of 

allopregnanolone in the neonatal period has shown encouraging outcome with 

increased survival time with delayed onset of neurological symptoms, improved 

neurological function, increased Purkinje cell survival and reduced brain 

ganglioside storage (86, 118, 119). This was the first study to test the administration 

of potentially therapeutic compound early in the life span (day 7 postnatal) and 

show significant improvement associated with early intervention, due to higher 

penetration of the compound into the brain (86). Also, this trial has tested different 

formulations and routes of delivering the test compound: in drinking water, 
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subcutaneous pellets and subcutaneous injections, while better outcome was 

observed with skin pellets, suspicion has arisen regarding subcutaneous injections 

due to the nature of the vehicle (cyclodextrin) as it has shown to produce intrinsic 

effect on its own as opposed to the delivered substance (87). The findings from the 

first trial on allopregnanolone were further confirmed by subsequent studies where 

single injection of allopregnanolone at P7 resulted in a marked increase in the 

survival of treated mice with significant improvement of the weight loss profile, 

reduction of neuroinflammation, cerebellar degeneration and increase in brain 

myelination with greater efficacy seen with repetitive injection every two weeks 

following P7 dose (120, 121). However, it remains controversial as to whether all 

the positive effects of allopregnanolone were actually from the cyclodextrin vehicle 

used in these studies (87, 88). 

 1.2.10.8. Cyclodextrin (sterol/cholesterol binding/chelating 
therapy) 

A trial in Npc1-/- mice combining SRT (miglustat) and BRT (allopregnanolone) 

have accidently revealed a beneficial therapeutic effect of the vehicle; 2-

hydroxypropyl-β-cyclodextrin (CD). Although the combination therapy had an 

additive positive effect, the vehicle alone was associated with marked improvement 

(87). Simultaneously, others have shown a significant increase in the life span with 

delay of neurodegeneration of Npc1-/- mice receiving a single dose of CD (122). 

Npc1-/- mice receiving chronic CD treatment alone has shown a marked 

improvement reflected in their increased survival with delayed onset of the disease 

manifestation (tremor, ataxia and gait abnormalities) in addition to reduction of 

neuronal cholesterol and GSL storage levels. A similar improvement was also seen 

in Npc2-/- mice (87). 
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A single injection of CD at P7 acutely increased cholesterol efflux from the 

lysosome in multiple organs, with enhanced synthesis of cholesterol esters and 

suppression of cholesterol synthesis. In addition downregulatoin of 

proinflammatory proteins was observed in brain and liver. Also, at early 

symptomatic stage of disease (~7 weeks) liver function tests were improved with 

marked reduction in neurodegeneration (88). 

CD has also shown efficacy in the feline model (123) and is in clinical trials at the 

NIH. A dose-dependent negative effect of CD treatment on hearing has been 

reported in the feline model as well as normal cats, which may arise as a limitation 

for the use of high doses in the patients potentially necessitating the implementation 

of auditory monitoring (124). 

 1.2.10.9. Liver X receptor and pregnane X receptor activation 

Many transcription factors are involved in sterol metabolism in the CNS and 

periphery, including those regulated by liver X receptor (LXR) and pregnane X 

receptor (PXR) (125). These receptors therefore have been the target of both genetic 

and pharmalogical manipulation in order to correct the defective sterol 

metabolismin NPC1 cells. Nuclear hormone receptors LXR in particular (including 

the two subclasses LXRα and LXRβ) are expressed in the brain amongst other 

tissues and are responsive to the pool of cytosolic cholesterol. Upon activation, for 

example by their native endogenous agonists oxysterols, they induce the 

transcription of genes involved in sterol metabolism to facilitate the flux of 

cholesterol (126). Oral administration of T0901317, which was developed as a 

selective agonist of these receptors, has been tested in Npc1-/- mice and shown to 

increase life span and stimulate cholesterol utilisation via these receptor responsive 

genes, improve neurological function and reduce CNS inflammation (89). 
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Activation of PXR has been also reported to be beneficiary in the NPC1 mouse 

(120), however, it is not as highly expressed in the cerebellum (89, 127) but the 

benefit could be attributed to activation in other cell populations present in the 

cerebellum. 

 1.2.10.10. Rab9 over-expression 

Rab9, a small GTPase protein, plays a role in membrane trafficking (128) and 

represents a target to correct the mistrafficking in the endocytic system observed in 

NPC cells. Upregulation of Rab9 expression had a positive effect in correcting the 

trafficking defects in both NPC1 and NPC2 cells (129). Moreover, NPC phenotype 

was induced in wild-type cells by the expression of the negative mutant of Rab9 

(129). Such observations suggest the involvement of the Rab9 protein in the 

pathology of the NPC disease. In vivo results form murine model of NPC disease 

has shown that overexpression or upregulation of the Rab9 protein is associated 

with correction of GSL storage and increase in life span (90). According to the 

current proposed model of NPC disease pathologenesis, inhibition of protein kinase 

C results in hypophosphorylation of vimentin (an intermediate filament) causing the 

entrapment of Rab9 and subsequent LE/Lys dysfunction (130) (Figure 1.10).  
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Figure 1.10. The link between sphingolipid catabolism, PKC, vimentin and Rab9 and 
the role of their interaction in inhibiting retrograde transport from LE/Lys. (1) The 
breakdown of sphingolipids in the LE/Lys produces sphingoid bases (e.g. sphingosine and 
sphinganine). (2) In NPC1 cells, these breakdown products buildup in the LE/Lys and cause 
inhibition of PKCs. (3) PKCs are important for vimentin phosphorylation. (4) 
unphosphorylated  vimentin remains in the form of filaments which entrap Rab9. (5) 
Retrograde transport from LE/Lys is in turn disrupted due to vimentin cycle inhibition, 
further contribute to the NPC1 phenotype (Adapted from (130)). 

 1.2.10.11. Glycogen synthase kinase 3β and cyclin-dependent kinase 
5 inhibition 

Glycogen synthase kinase 3β (GSK3β) and cyclin-dependent kinase 5 (Cdk5) are 

two proline-directed serine/threonine kinases that are involved in regulating 

neuronal growth, development and function (131-133). They have been implicated 

in the pathogenesis of Alzheimer’s disease and the focus of active research in this 

field (134, 135). Their dysregulation and hyperactivation is associated with 

hyperphosphorylation of cytoskeletal proteins such as tau resulting in pathological 

lesions such as neurofibrillary tangles characteristic of multiple neurodegenertative 

diseases such as Alzheimer’s, ALS and NPC disease (136, 137). The use of lithium 

and other GSK3β inhibitors achieved a marked reduction in tau phosphorylation 

(138). In addition, R-Roscovitine, a CDK5 inhibitor resulted in improvement of 

neurological symptoms in Npc1-/- mice (91). 

The figure originally presented here cannot be made freely available via ORA 
because of ‘copyright’.
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 1.2.10.12. Anti-inflammatory agents 

Since inflammation has been implicated in the pathogenesis of neurodegenerative 

disease including NPC, the use of anti-inflammatory drugs (such as non-steroidal 

anti-inflammatory drugs (NSAIDs)) has been an attractive target for therapeutic 

intervention using existing drugs. 

Ibuprofen was successful in alleviating CNS inflammation and improving 

neurological function in the Npc1-/- mice and extended their life span, with a more 

pronounced effect when administered in combination with miglustat (92). 

The anti-TNF monoclonal antibody, CNTO5048 (mouse-rat chimeric) has been 

trialled in NPC1 knockdown mice (wild-type C57BL/6 mice treated with NPC1-

specific antisense oligonucleotides to knockdown NPC1 protein expression in the 

liver) and shown an alleviation of liver disease (hepatic apoptosis and stellate cell 

activation were both slightly but not significantly reduced). However, the impact on 

neurological manifestation could not be evaluated in this model and this approach 

has not been tested in the authentic NPC1 mouse model (93). 

 1.2.10.13. Anti-oxidants 

Oxidative stress in NPC1 cells generated from increased levels of reactive oxygen 

species (139, 140) along with marked reduction in the endogenous levels of some 

antioxidants such as ubiquinone (Co-enzyme Q10) (141) have been the target for 

multiple therapeutic interventions using antioxidants.  

Female Npc1-/- mice treated with vitamin E have shown benefit in slowing disease 

progression and improving motor function (94). 

CoQ10 supplementation was not of great efficacy due to its inability to cross the 

blood-brain barrier (76). Also, the use of ascorbic acid (vitamin C) in the Npc1-/- 

mice was associated with no significant improvement (92). 
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 1.2.10.14. Molecular chaperones (heat shock protein 70) 

Heat shock protein 70 (HSP70) is a molecular chaperone involved in reducing cell 

stress through decreasing lysosomal membrane permeability (142). An in vitro 

study has shown a benefit in multiple LSDs and its effects have been suggested to 

be mediated through stress-induced translocation of segments of the protein to the 

lysosome. HSP70 has shown to induce lysosomal membrane stability via its binding 

in vitro to bis(monoacylglycero)phosphate (BMP, a LE/Lys phospholipid), which is 

an important cofactor for the activity of ASM. NPA and NPB cells have also shown 

to have a significant reduction in lysosomal stability, which was successfully 

reversed upon treatment with recombinant Hsp70 (95). Preclinical studies in Npc1 

null mice have been conducted (Kirkegaard et al., submitted) and a clinical trial in 

NPC patients is planned. 

 1.2.10.15. Histone deacetylase inhibitors 

Histone deacetylases (HDAC) are important regulatory enzymes of gene 

transcription mediating acetylation and deacetylation of key proteins such as 

histones, transcription factors and chaperones. The link between this regulatory 

element and NPC1 disease arose from studies showing a correlation between 

histone hyperacetylation and cAMP induced expression of NPC1 (143). 

Additionally, the use of the weak HDAC inhibitor (HDACi), valporic acid, 

improved cholesterol mistrafficking in neuronal stem cells from Npc1-/- mice (96). 

The use of small molecule HDACi in human NPC1 fibroblasts has been reported to 

be associated with improved phenotype reflected in significant reduction in 

cholesterol levels almost back to normal levels within 72 hours as well as an 

increase in the expression of the NPC1 protein. HDAC1 and HDAC2 have been 

suggested as the most implicated isofroms and therefore represent the most 
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promising targets for therapy. An example of an orally available HDACi capable of 

crossing the blood-brain barrier and have shown efficacy in cultured fibroblasts is 

LBH589 (panobinostat) which has been tested in a Phase III clinical trial for cancer 

(144).  

This pathway was also identified as a potential disease modifier in a genome-wide 

screen in the NPC1 yeast model and subsequently multiple HDACs were shown to 

be upregulated in NPC1 patients’ fibroblasts, the expression levels of most of them 

were successfully restored by the approved HDACi suberoylanilide hydroxamic 

acid (145). A clinical trial of HDACi is planned. 

 1.2.10.16. Acid sphingomyelinase (ASM) enzyme replacement or 
SMPD1 gene transfection 

ASM is a lysosomal enzyme that is responsible for sphingomyelin hydrolysis to 

ceramide and phosphocholine and therefore is important in regulating cholesterol 

and sphingomyelin metabolism. Its deficiency is the hallmark of Niemann-Pick type 

A and B diseases. Although the acid sphingomyelinase gene is not defective in NPC 

disease, the enzyme activity seems to be reduced to some extent as a secondary 

consequence of storage in vitro and in vivo (mice and patients) (146-148). 

Correction by transfection with the normal functioning SMPD1 gene or acid 

sphingomyelinase enzyme replacement has been shown to be effective in reducing 

the lysosomal cholesterol storage in vitro (NPC1-deficient CHO cells and patient-

derived fibroblasts) (97). 
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1.3. Aims of this thesis 

This thesis aimed to test potential therapeutic agents in NPC disease based on 

targeting novel steps in the pathogenic cascade. Efficacy was determined on the 

basis of improving neurological function. Based on a novel discovery I have also 

focused on our understanding of drug metabolism in this disease and how this could 

help in optimising drug dosing and delivery to achieve optimal efficacy. The major 

elements of the thesis are organised as follows: 

Chapter 2 – Characterisation of the Cytochrome P450 system and drug metabolism 

in NPC disease. 

Chapter 3 – Evaluation of therapeutic approaches in an authentic mouse model of 

NPC1 disease. 

Chapter 4 – Evaluation of the neuroprotective effects of Cogane and Myogane two 

structurally related, orally available, neurotrophic compounds in NPC1 disease. 

Chapter 5 - Investigation of Crohn’s disease-like intestinal inflammation in the 

mouse model of NPC1 disease and in NPC patients. 

Chapter 6 - Conclusions drawn from Chapters 2-5. 
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2.1. Introduction 

We recently suggested that Npc1-/- mice might have defective drug metabolism, as 

they show signs of toxicity and reduced tolerability to some liver metabolised 

compounds when administered at doses well tolerated in other mouse models (92). 

In contrast, miglustat, which is not metabolised in the liver and excreted unchanged 

in the urine (149), can be safely introduced even at very high dose in Npc1-/- mice 

(82). In this chapter I have therefore explored dug metabolism in Npc1-/- mice.  

Most drugs are primarily metabolised via the cytochrome P450 system. This 

superfamily of enzymes was investigated to identify any underlying defect in this 

disease model.  

In NPC1 disease, liver phenotypes include significant lipid storage and pathology 

that can present in the neonatal period as cholestatic jaundice, which in most cases 

resolves spontaneously whereas in about 10% of cases it progresses to fatal liver 

disease and premature death (5, 150, 151). Lipid sequestration (e.g. cholesterol) in 

the LE/Ly leads to paradoxical deficiency in other compartments (e.g. ER) has the 

potential to lead to defects in the biosynthesis of downstream metabolites (such as 

steroid hormones, bile acids and vitamin D) (86, 152). 

Marked increase in liver enzymes (aspartate transaminase AST and alanine 

transaminase ALT) and apoptosis was seen in the Npc1-/- mouse (153).  Furthermore 

isolated liver disease was successfully induced in BALB/c mice by specifically 

knocking down the expression of Npc1 only in the liver, the liver autonomous 

phenotype was rescued by partial expression of NPC1 protein (154). 

In the course of assessing potential small molecule therapies in the Npc1-/- mouse, 

we have made a consistent observation of drug toxicity at doses tolerated  in normal 
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mice. This only applied to drugs metabolised in the liver (examples include; 

curcumin, ibuprofen, and vinpocetine). This observation suggested a potential 

deficit in the cytochrome P450 system. 

The cytochrome P450 system plays a role in both lipid homeostasis (via regulating 

cholesterol, vitamin D, oxysterol and bile acid metabolism) and detoxification of 

xenobiotics and endogenous compounds (e.g. toxic bile acids) (155).  

We therefore in this chapter, have investigated drug metabolism in detail where 

both cytochrome P450 enzyme activity and gene expression were assessed in the 

mouse and cat models of NPC1 disease and in NPC patients. We have also 

investigated a potential mechanism underlying this defect and implicated bile acid 

deficiency as playing a role. In addition, we have investigated bile acid 

supplementation and its effect on both drug metabolism (discussed in this chapter) 

and neurological function (Chapter 3) in Npc1-/- mice. 
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2.2. Methods 

2.2.1. Mice 

The spontaneous mutant mouse model of NPC on a BALB/C background 

(BALBc/NPCnih, BALB/cNctr-Npc1m1N/J, Npc1-/-) with wild-type (Npc1+/+) and 

heterozygotes littermates (Npc1+/-) was maintained by breeding heterozygotes 

obtained from The Jackson Laboratory (The Jackson Laboratory, Charles River, 

UK) (39). 

All mice were bred and housed under non-sterile conditions, under specific 

pathogen-free conditions in the animal facilities at the University of Oxford 

(Oxford, UK), with food and water available ad libitum and a 12-h light–dark cycle 

(light on from 6.00 a.m. until 6.00 p.m.) with a temperature of 22-24°C and a 

relative humidity of 50-60%.  

All animal studies were conducted using protocols approved by the UK Home 

Office for the conduct of regulated procedures under a project licence (Animal 

Scientific Procedures Act, 1986).  

2.2.2. Genotyping 

Genotypes of the mice were determined by polymerase chain reaction (PCR) 

analysis of ear DNA, as described previously (156, 157). At 10 days, ear biopsies 

were collected for DNA extraction. The tissue pieces were digested in alkaline lysis 

buffer (25 mM NaOH /0.2 mM EDTA) for 15 minutes at 95°C and neutralised with 

40 mM Tris HCl (pH 5.5). PCR was used to determine genotypes at the Npc1 locus 

using Dream Taq Green PCR Master mix 2X (K1081, Fermentas, Fisher, UK) and 

the following primers: 8F-GGTGCTGGACAGCCAAGTA and INTR3- 

GATGGTCTGTTCTCCCATG, expected fragment size, WT allele: 1048bp and 

NPCnih allele: 1209 bp; annealing temperature was 58°C. Cycle Conditions: 94°C (3 
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min), (94°C, 30 seconds; 58°C, 30 seconds; 72°C, 30 seconds) 35 Cycles, 72°C (7 

minutes) and separated on 1.5% agarose gel with TAE buffer (0.04 M tris-acetate, 

0.001 M EDTA) with 0.5 µg/mL ethidium bromide. DNA ladder (Q-step 2, 

Yorkshire Bioscience Ltd, York, UK), positive (heterozygous sample) and negative 

controls (milliQ water) were run alongside the samples. Bands were visualised 

using ethidium bromide corresponding to 1048 bp (for wild-types) or 1209 bp (for 

homozygotes) and both bands seen in heterozygotes. 

Alternatively, DNA was extracted from mouse ear biopsies by digesting overnight 

at 55 °C in lysis buffer (0.5 mL containing: 0.5 mg/mL proteinase-K (Calbiochem, 

Nottingham, UK), 1% SDS, 10 mM Tris pH 7.5, 10 mM EDTA and 150 mM 

NaCl). Samples were heated at 95°C for 10 minutes to deactivate the proteinase-K 

and centrifuged at 13,000 rpm for 10 minutes at room temperature to remove debris. 

PCR was performed to determine the genotype at the Npc1 locus using Dream Taq 

Green PCR Master mix 2X (K1081, Fermentas, Fisher, UK), the following primer 

pairs and 35 cycles of amplification: IMR928 5’ CTG TAG CTC ATC TGC CAT 

CG 3’, IMR929 5’ TCT CAC AGC CAC AAG CTT CC 3’, Annealing temperature 

55 or 57°C, Expected fragment size 173 bp and IMR927 5’ TGA GCC CAA GCA 

TAA CTT CC 3’, IMP258F 5’ GGT GCT GGA CAG CCA AGT A 3’, Annealing 

temperature 53°C, Expected fragment size 475 bp. The PCR cycle conditions: pre-

heating at 94°C for 4 minutes, annealing at 57°C for 30 seconds and extension at 

72°C for 5 minutes. Amplified product was separated using 2% agarose gel with 

TAE buffer with ethidium bromide. DNA ladder, positive and negative controls 

were run alongside the samples. Bands were visualised using ethidium bromide 

corresponding to 173 bp (for wild-types, with primers IMR928 and IMR929) or 475 
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bp (for homozygotes with primers IMR927 and MP258F) and both bands seen in 

heterozygotes. 

2.2.3. Samples 

 2.2.3.1. Murine Model of NPC disease: Tissue Samples 

Procedures conducted at the National Institutes of Health were approved by the 

NICHD Institutional Animal Care and Use Committee and were performed in 

accordance to NIH guidelines. 

Liver samples were collected from Npc1-/- and Npc1+/+ mice at 3, 6 and 9 weeks of 

age (n=4-7 per group). Aged Npc1+/- heterozygotes  (9 weeks, n=7) were also 

analysed in some studies.  

 2.2.3.2. Feline Model of NPC disease: Tissue Samples 

Liver samples from the feline model of NPC1 disease were kindly provided by Dr. 

Charles Vite (University of Pennsylvania, USA) (45). Samples were collected from 

24 week-old NPC1-/- cats and age-matched NPC1+/+ and NPC1+/-. Also, liver 

samples from cats treated with subcutaneous cycbrownblbodextrin (8000 mg/kg, 

every 7 days starting at 3 weeks of age) were collected at 21, 38 and 59 weeks of 

age. Cats were maintained in the animal colony of the School of Veterinary 

Medicine, University of Pennsylvania, under the guidelines of the National 

Institutes of Health and US Department of Agriculture for care and use of animals 

in research. The study was approved by the University of Pennsylvania Institutional 

Animal Care and Use Committee.   

 2.2.3.3. Human Samples 

Human post mortem liver biopsies from three NPC (not confirmed whether NPC1 

or NPC2) and three age- and gender-matched controls were obtained from the 

The text originally presented here cannot be made freely available via ORA.
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NICHD Brain and Tissue Bank for Developmental Disorders at the University of 

Maryland, Baltimore, MD, contract HHSN275200900011C, Ref. No. N01-HD-

9_0011. The NICHD Institutional Review Board approved human studies.  

NPC patient IDs: UMB# M4002M, UMB# M4003M and UMB# M4004M), and the 

control IDs: UMB#1500 6 years old had a perforated bowel, haemopericardium, 

hypoxic ischaemic encephalopathy, secondary to a motor vehicle accident. 

UMB#662 12 years old died of a traumatic accident with multiple injuries. 

UMB#1672 died of asphyxia.  

2.2.4. Phenobarbital induction study 

Age-matched (7 weeks) Npc1+/+ and Npc1-/- mice were injected with either 

phenobarbital (to induce liver microsomal CYP450 enzymes, 80 mg/kg body 

weight/ day, sodium phenobarbital Sigma-Aldrich) or a vehicle (equivalent amount 

of 0.9 % sodium chloride) intra-peritoneally for 4 consecutive days (n=3 per group). 

Twenty four hours after the final injection mice were sacrificed (following 

overnight starvation for 16 hours) and livers were collected following PBS 

perfusion (for CYP450 enzyme activity measurements) and fixed perfused livers 

were collected following perfusion via the left ventricle with a fixative (2% 

paraformaldehyde and 2% gluteraldehyde in 0.1 M phosphate buffer, pH 7.4) and 

livers were removed and analysed for electron microscopy and enzyme activity. 

2.2.5. Electron microscopy 

Liver samples were preserved in the fixative solution and post-fixed with a 1% 

osmium tetroxide, washed in several changes of 0.1 M phosphate buffer and divided 

further into two bottles per mouse, and given two changes of 70% ethanol. One 

group of four were stained en-bloc with para-phenylene diamine in 70% ethanol for 
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30 minutes on ice, the other with 1% magnesium uranyl acetate in 70% ethanol for 

45 minutes at room temperature. Dehydration was continued through an ascending 

ethanol series; two changes each of 80%, 90%, 95% and three of 100% ethanol 

(dried over copper sulphate), followed by 2 changes of propylene oxide, before 

infiltration with resin and finally embedding into capsules. The resin was 

polymerised for 24 hours at 60°C. Both Araldite and an Araldite/Epon mixture were 

used. 

All mice were perfused first with a normal saline solution, 5-10minutes and then in 

a perfusate containing 4% paraformaldehyde, 15% picric acid and 0.5% 

glutaraldehyde in 0.1 M cacodylate buffer for 20 minutes. After removal, the liver 

was immediately cut into slices using a single-edged razor blade and placed in large 

vials containing the perfusate fixative for immunocytochemistry. Some of these 

sections were selected from each mouse, cut further into smaller pieces, and 

transferred into small vials containing a higher percentage of glutaraldehyde (2.5%) 

for preservation of morphology together with 2% paraformaldehyde, 2mM calcium 

chloride and 0.1% picric acid in 0.1 M cacodylate buffer. All tissues were fixed on a 

rolling or tilting platform overnight at 4°C. The liver samples after fixation and 

embedding were cut into 1-2 mm cubes in 0.1 M cacodylate buffer containing 2 

mM calcium chloride, washed with three changes of the cacodylate buffer, and post 

fixed for 90 minutes in buffered 1% osmium tetroxide solution. Post-fixation, the 

samples were washed in 0.1 M cacodylate buffer containing calcium (2 mM), and 

then with three changes of maleate buffer (sodium hydrogen maleate and sodium 

hydroxide) at pH 5.15, prior to further fixation and staining in 1.5% uranyl acetate 

in maleate buffer, pH 6.00 in the dark for one hour at room temperature. 

After washing the samples were dehydrated rapidly through an ascending ethanol 
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series, with the final dehydration comprising three changes of dry ethanol 

performed at room temperature over one hour. Samples were put through three 

changes of propylene oxide and then infiltrated with a 1:1 mixture of propylene 

oxide and araldite for 1.5 hours, the tops of the vials were then removed and the 

propylene oxide allowed to evaporate from the resin for an hour in the hood, this 

more concentrated mixture was then removed and replaced with araldite for 2 hours. 

Pieces of the liver from each vial were then dropped onto the top of filled and 

labelled embedding moulds and left to sink to the bottom overnight. Embedding 

moulds were then put into a 60°C oven for polymerisation for 2-3 days. From each 

block of the polymerised samples, thick sections were cut to examine at the light 

microscope level for selection of areas for further sectioning for the microscope. 

Electron microscopy was performed in collaboration with Wendy Tynan, 

Department of Pharmacology, University of Oxford 

2.2.6.  Cytochrome P450 Activity Assay 

 2.2.6.1. Hepatic Microsomal Preparation 

Livers were freshly harvested, weighed and minced in ice-cold KCl (1.15 %, w/v). 

Livers were homogenised using a Polytron in ice-cold SET buffer (0.25 M sucrose, 

5 mM EDTA and 20 mM Tris-HCl, pH 7.4), 1:3 (w/v). Liver homogenates were 

then subjected to differential centrifugation at 4°C as follows: homogenates were 

first centrifuged at 1,000 g for 20 minutes, the post-nuclear supernatants were then 

centrifuged at 12,000 g for 30 minutes and the resultant post-mitochondrial fractions 

(supernatants) were centrifuged at 100,000 g for 60 minutes. Microsomal pellets 

were re-suspended in ice-cold homogenisation (SET) buffer (1:3 w/v) and either 

further analysed immediately or stored at –80°C. Microsomal protein concentrations 

were measured using the BCA assay with bovine serum albumin as a standard.  
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 2.2.6.2. Enzyme Activity 

P450 reductase activity was measured spectrophotometrically using a Jenway 6305 

Spectrophotometer following the NADPH-dependent reduction of cytochrome C 

using a commercial cytochrome P450 reductase assay kit (Cytochrome C Reductase 

(NADPH) Assay Kit, CY0100, Sigma-Aldrich). Microsomal preparations (about 50 

µg) were incubated with 950 µL of 36 µM cytochrome C in potassium phosphate 

buffer (300 mM, pH 7.8) containing 0.1 mM EDTA. The mixture was incubated at 

25° C and the reaction was initiated by the addition of 100 µL of 0.85 mg/mL 

NADPH. The rate of the reduction of cytochrome C reaction was followed at 550 

nm. Activity was expressed as nmol cytochrome C reduced per min per mg of 

microsomal protein, using an extinction coefficient of 21.1 mM-1.cm-1 for reduced  

cytochrome c,  to convert change in absorbance to amount of product formed. 

To investigate the individual subfamilies of enzymes or even some isoenzymes, the 

following reactions were assayed:  ethoxyresorufin O-deethylation (EROD) for 

CYP1A1, 1A2, methoxyresorufin O-demethylation (MROD) for CYP1A2, 

pentoxyresorufin O-dealkylation (PROD) for CYP2B10 or 2B only and BROD for 

3A, but it is also catalysed by other isoforms including 1A, 2A and 2B to a lesser 

extent (158-161). All samples were assayed in duplicate on a minimum of two 

separate occasions.  

Microsomal preparations were incubated with 50 mM Tris–HCl (pH 7.6), MgCl2 

(25 mM), liver microsomes (0.5 mg protein/mL) and 5µM probe substrate (7-

methoxyresorufin, 7-ethoxyresorufin, 7-pentoxyresorufin and 7-benzyloxyresorufin, 

obtained from Sigma-Aldrich, UK). Reactions were started by adding NADPH 

(0.25 mM, final concentration) and after 10 min of incubation at 37°C, the amount 

of resorufin formed was spectrofluorimetrically measured using a microplate reader 
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(FLUOstar OPTIMA), using wavelengths of (Ex. 570-10, Em. 600-10) 522 nm and 

586 nm for excitation and emission, respectively. The amount of product formed 

and thus activity was determined by comparison to a standard curve made with pure 

resorufin (Sigma-Aldrich) (0-250 pmol) dissolved in DMSO and made up to the 

final volume with Tris–HCl/MgCl2 buffer. Microsomal protein content was 

determined by bicinchoninic acid protein method (Sigma-Aldrich, Poole, Dorset, 

UK) and bovine serum albumin as standard. 

The O-dealkylation of these compounds by the cytochrome P450 mixed function 

monooxygenase system has been shown to have selectivity towards the catalysing 

isoform, in mice: MROD is selectively being catalysed mainly by the 1A2 

subfamily (1A1 and to lesser extent 1A2), EROD by 1A1, PROD by 2B and BROD 

by the 3A. 

 2.2.6.3. Western blotting 

To detect the expression levels of cytochrome P450 reductase in microsomal 

preparations from liver homogenates: 

15 µg of microsomal protein was electrophoretically separated on 12% SDS-PAGE 

at 100 V for 120 min using an XCell SureLock Mini-Cell (Invitrogen).  

Proteins were transferred onto Hybond-P polyvinylidene difluoride (PVDF) 

membranes (GE healthcare, Chalfont St. Giles, UK) using the Xcell II Blot Module 

(Invitrogen), and the membranes were blocked with Tris-buffered saline containing 

0.1% Tween 20 and 5% BSA at room temperature for 3 h.  

After washing with Tris-buffered saline containing 0.1% Tween 20, the membranes 

were incubated overnight at 4°C with a primary antibody, rabbit anti-mouse 

cytochrome P450 reductase (Abcam Ltd., Cambridge, UK, ab13513) diluted 

1:1,000 in blocking solution.  
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Membranes were washed with TBST and incubated at room temperature for 1 hour 

with a peroxidase-conjugated goat anti-rabbit IgG (1:5,000, Vector Laboratories) in 

blocking solution. 

Immunoreactive bands were visualised by an enhanced chemiluminescence 

detection kit (SuperSignal West Pico Chemiluminescent Substrate ECL kit#34077, 

Thermo Scientific) and high performance chemiluminescence film (GE healthcare). 

2.2.7. Gene expression 

This work was performed by Dr. Celine Cluzeau, Christopher Wassif and Dr. 

Denny Porter from the Eunice Kennedy Shriver National Institute of Child Health 

and Human Development, National Institutes of Health and as described in Sections 

2.2.7.1 and 2.2.7.2. 

 2.2.7.1. Microarray hybridisation and real-time PCR 

Microarray analysis was performed as described in (65). TRIzol reagent 

(Invitrogen) was used to extract total RNA which was then purified with Qiagen 

RNeasy Mini columns (Qiagen, Germantown, MD). A Bioanalyzer (Agilent, Inc., 

Santa Clara, CA, USA) and NanoDrop (Thermo Scientific, Inc., Waltham, MA, 

USA) were both used to assess the equality and quantity of RNA. A standard 

Affymetrix protocols (Affymetrix, Inc., Santa Clara, CA, USA) was used for 

microarray analysis where 200 ng total RNA was reverse transcribed to labelled 

cDNA and the hybridisation mixture (fragmented and labelled cDNA) was 

hybridised to Affymetrix Mouse GeneChip 1.0 ST chips, following washing, the 

chip was stained using standard protocols for the Affymetrix Fluidics Station. 

Streptavidin phycoerythrin solution (Molecular Probes, Carlsbad, CA, USA) was 

used to stain probe arrays followed by a biotinylated anti-streptavidin antibody 

solution (0.5 mg/mL, Vector Laboratories, Burlingame, CA, USA) for further 

The text originally presented here cannot be made freely available via ORA.
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performed in 96-well plates with Applied Biosystems 7300 real-time PCR system, 

using the following Taqman assays (Applied Biosystems): CYP1A2 (Hs01070369), 

CYP2B6 (Hs03044634), CYP2C19 (Hs00426380), CYP2D6 (Hs02576167), and 

CYP3A4 (Hs00430021). Samples and standards were analysed in triplicate, using 

50 ng of total cDNA for each sample, and 10-fold serial dilutions of the standard 

fragment ranging from 106 to 101 copies. The standard curve generated was then 

used to determine the cDNA concentration for each sample. 

2.2.8. Bile Acid Supplementation 

Npc1-/- mice (n=3 per group) were fed either normal chow (RM1 maintenance diet; 

SDS, London, UK) or normal chow supplemented with ursodeoxycholic acid 

(UDCA, 0.5%, w/w, Sigma-Aldrich) mixed with the powdered diet, while Npc1+/+ 

littermates were maintained on normal chow. Treatment started at weaning and 

mice were sacrificed at 9 weeks of age and dealkylation reaction rates in the liver 

were determine as described above.  

2.2.9. Pharmacokinetics of Midazolam (MDZ) 

This work was performed by: Steve Pisle and Shawn Spencer from the Saic-

Frederick, Inc., Center for Cancer Research, Frederick National Laboratory for 

Cancer Research, and Cody J. Peer, Tristan M. Sissung, William D. Figg from the 

Clinical Pharmacology Program, Medical Oncology Branch, National Cancer 

Institute, Department of Health and Human Services, Bethesda, MD. 

 2.2.9.1. MDZ injections and plasma collection 

Eight-week-old (± 2 days) Npc1+/+, Npc1+/- and Npc1-/- female mice were 

intravenously (tail vein) injected with 0.25 mg/kg of midazolam (MDZ, Sigma-

Aldrich). Mice were anaesthesised with isofluorane and blood was collected by 

The text originally presented here cannot be made freely available via ORA.
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Figure 2.2. LC-MS chromatogram of MDZ (top; 5.7 min), 4’-OH and 1’-OH-
midazolam (middle; 3.7 and 4.0 min, respectively), and LZP (the internal standard; 
bottom; 2.9 min). These chromatograms were provided by Steve Pisle and Shawn Spencer 
from the Saic-Frederick, Inc., Center for Cancer Research, Frederick National Laboratory 
for Cancer Research, and Cody J. Peer, Tristan M. Sissung, William D. Figg from the 

Clinical Pharmacology Program, Medical Oncology Branch, National Cancer Institute, 
Department of Health and Human Services, Bethesda, MD. 

2.2.10. Statistics 

Data presented as mean ± SEM, unless otherwise stated in the figure legend. For the 

midazolam study, exposures (area under the plasma concentration vs. time curves, 

AUC) for both parent midazolam and metabolites were calculated using Bailer’s 

Method for destructive sampling, and compared between the genotypes.  

A two-tailed, unpaired t test, with Welch’s correction when necessary, was 

performed to determine the significance of the difference in cytochrome P450 gene 

expression levels/residual enzyme activities/AUC values between Npc1+/+ and 

Npc1-/- mice at each age. One-way ANOVA with Tukey’s post-hoc test was used to 

compare all sets of data where applicable. Statistical analysis was performed with 

GraphPad Prism v5.  

The text originally presented here cannot be made freely available via ORA.
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2.3. Results 

Many small molecule therapies have been evaluated as possible therapeutics in 

Npc1-/- mice. We have recently suggested that Npc1-/- mice might have defective 

drug metabolism, as they show signs of toxicity and reduced tolerability (reduced 

rate of growth, hunched posture, poor coat condition) to compounds, which are 

primarily subject to first-pass metabolism in the liver. This includes compounds 

administered at dose rate reported to be well tolerated in other mouse models/inbred 

mouse strains. However, when lower doses were used in Npc1-/- mice positive 

therapeutic benefits were observed (92). The reduced doses required in Npc1-/- mice 

are summarised along with the normal dose used in studies in other mouse strains 

(Table 2.1). In contrast, miglustat, which is not metabolised in the liver and 

excreted unchanged in the urine (149), can be safely administered even at very high 

doses in Npc1-/- mice (82). 

Table 2.1. Examples of therapeutic agents in Npc1-/- mice, with their optimal doses 
reported in other mouse models and the reduced doses required in Npc1-/- mice to 
avoid toxicity. 

 

Drug	 Normally	Effective	

Dose	

(mg/kg/day

)	

Adjusted	Reduced	Dose	

(mg/kg/day)	

in	Npc1-/-	mice	

Notes	 References	

Curcumin	 300-1250	 150	 -Liver	metabolised.	

-Inhibits	 some	

CYP450	isoforms.	

(162-164)	

Ibuprofen	 300-800	 100	 -Cytochrome	 P450	

metabolised.	

(165)	

Vinpoceti

ne	

10	 2	 -Cytochrome	 P450	

metabolised.	

(166)	



Chapter 2. Drug Metabolism Defects in NPC Disease 

 60 

Together, these observations prompted us to investigate whether there was reduced 

drug detoxification capability in the Npc1-/- mouse. Since the vast majority of drugs 

are primarily metabolised via the cytochrome P450 system, this superfamily of 

enzymes was investigated to identify any underlying defect in this mouse disease 

model. 

We first studied dealkylation reactions at 3, 6 and 9 weeks of age in Npc1-/- mice 

and found significantly reduced rates at 9 weeks (late symptomatic stage) (Figure 

2.3 A, B and C). All dealkylation reactions were significantly lower at 9 weeks in 

the Npc1-/- (down to 47, 45, 71 and 51% of age-matched controls, p=0.0002, 

<0.0001, 0.0377 and 0.0013 for MROD, EROD, PROD and BROD respectively) 

(Figure 2.3 C). Npc1-/- mice also had significantly reduced cytochrome P450 

reductase activity, which was about 42% of age-matched controls (p=0.037) 

(Figure 2.3 D). The reductase activity was significantly reduced by six weeks of 

age in the Npc1-/- versus Npc1+/+ mice (p=0.022) (Figure 2.3 D). The rates of these 

four reactions were slightly reduced at 3 weeks of age (Figure 2.3 A) with the 

diminishing activity persisting at the early symptomatic stage (6 weeks, Figure 2.3 

B) and becoming more prominent at the late symptomatic stage nearing end stage at 

9 weeks at which stage heterozygous mice seems to develop the phenotype as well 

(cytochrome P450 reductase activity was down to 34%, p=0.019 at 9 weeks) 

(Figure 2.3 D). 
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Figure 2.3. (A), (B) and (C) Activity of CYP450 catalysed reactions in mouse model of 
NPC1, shown as percent of age-matched controls at 3, 6 and 9 weeks of age. (D) Activity of 
Cytochrome c reductase in mouse model of NPC1 at 3, 6 and 9 weeks of age. Data are 
expressed as pmoles cytochrome c reduced per minutes normalised for microsomal protein 
content (mg). Data are presented as mean ± SEM, n=3-9, *p<0.05, **p<0.01, ***p<0.001 
****p<0.0001, calculated using two-tailed unpaired t test with Welch’s correction as 
necessary and one-way ANOVA test with Tukey’s post-hoc test. MROD, 
methoxyresorufin-O-dealkylation; EROD, ethoxyresorufin-O-dealkylation; PROD, 
pentoxyresorufin-O-dealkylation; and BROD, benzoxyresorufin-O-dealkylation. 

In both human and mouse hepatocytes, cytochrome P450 isoforms show selectivity 

for specific substrates (158, 161). EROD and MROD are mainly catalysed by 

CYP1A, BROD catalysed predominantly by CYP3A (CYP1A and CYP2A to lesser 

extent) and PROD is catalysed by CYP2B (161). 

Of the 101 known genes of the cytochrome P450 family, 62 were identified as 

having altered expression pattern in a microarray analysis (65) using cDNA from 

liver of Npc1-/- and control mice throughout the life span of the Npc1-/- mouse 

(Table 2.2). Of these 62 genes, 44 were down-regulated within the life span of the 
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In heterozygous animals, 9 genes were tested and only the expression of Cyp3a16 

and Cyp3a41 were reduced at 7 weeks compared to control mice (Figure 2.5). 

Figure 2.5. qPCR validation of the expression of 9 CYP genes in Npc1+/+ , Npc1+/- and 
Npc1-/- mice at 7 weeks old. Data are presented as mean ± SD, n=4. *p<0.05, **p<0.01, 
***p<0.001, calculated using two-tailed unpaired t test, with Welch’s correction as 
necessary. This figure was provided by Dr. Celine Cluzeau, Christopher Wassif and Dr. 
Denny Porter from the Eunice Kennedy Shriver National Institute of Child Health and 
Human Development, National Institutes of Health. 

This defect was also further delineated in the feline model of NPC1 disease. 

Although the NADPH: cytochrome P450 reductase activity was not conclusive, the 

rates of the cytochrome P450-catalysed O-dealkylatoin reactions were significantly 

lower in affected and in the heterozygous cats compared to the wild-types (Figure 

2.6 A to D). In liver tissue from NPC1-/- cats, MROD and EROD activity levels 

were down to 19% (p=0.006 and 0.001, respectively) of wild-type and PROD 
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activity was down to 41% (p=0.003) of age-matched controls. In NPC1+/- cats 

MROD, EROD, and PROD activity levels were down to 39, 57 and 42% of age-

matched controls, respectively (p=0.026, 0.035 and 0.003, respectively). There was 

however no significant reduction in the BROD activity in the NPC1-/- cats 

(p=0.380) (Figure 2.6 D), although the activity was reduced to 36.5% of the control 

mean but not significant due to high variability in the controls. 

Expression levels of the CYP3A (the major subfamily of the P450 system, 

responsible for about 50 % of drug metabolism (168)), was also significantly 

reduced in the livers of NPC1-/- cats compared to control cats (85% reduction, 

p=0.009) (Figure 2.6 E and F). 

In both the mouse and cat models of NPC1, cyclodextrin (2-hydroxypropyl-β-

cyclodextrin (CD)) is an effective therapy that reduces pathology and significantly 

extends life span (123, 169). Although, CD treatment did not correct enzyme 

activity in NPC1-/- cat liver (Figure 2.6 A-D) (p=0.994, 0.961, 0.225 and 0.988 for 

MROD, EROD, PROD and BROD, respectively), Cyp3A expression showed 

significant improvement in response to cyclodextrin treatment (p=0.040), however 

this increase in protein did not translate into increased activity (Figure 2.6 E and 

F), possibly due to known inhibition of this pathway by cyclodextrin (170). 

Although there was a slight increase in the activities of the O-dealkylation 

catalyzing enzymes in response to CD treatment, this increase was progressive with 

age (Figure 2.7); which could imply that this trend reflects a developmental effect. 
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Figure 2.6. Activity of cytochrome P450 catalysed reactions in age-matched NPC1+/+, 
NPC1+/- and NPC1-/- cats, presented as percentage of age-matched controls, 2-
hydroxypropyl-β-cyclodextrin (CD) treated NPC1-/- cats were also included (A-D). (E) 
Representative western blot analysis of CYP3A and (F) Relative CYP3A protein 
quantitation in NPC1+/-, and NPC1-/- compared to age-matched NPC1+/+ cats, CD treated 
NPC1-/- cats were also included. Note due to small sample numbers all 3 ages (21, 38, and 
59 weeks) CD treated animals were combined for this figure.  Data are presented as mean ± 
SEM, n=3. *p<0.05, **p<0.01, ***p<0.001, calculated using one-way ANOVA test with 
Tukey’s post-hoc test. MROD, methoxyresorufin-O-dealkylation; EROD, ethoxyresorufin-
O-dealkylation; PROD, pentoxyresorufin-O-dealkylation; and BROD, benzoxyresorufin-O-
dealkylation. 
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Figure 2.7. Effect of cyclodextrin treatment (CD, at a dose of 8,000 mg/kg/day) on the 
activity of CYP450 catalysed reactions in feline model of NPC1, shown at different 
disease stages and expressed as % of controls (n=1 per time point). MROD, 
methoxyresorufin-O-dealkylation; EROD, ethoxyresorufin-O-dealkylation; PROD, 
pentoxyresorufin-O-dealkylation; and BROD, benzoxyresorufin-O-dealkylation. 

Autopsy liver samples from NPC1 patients and age-matched controls were also 

assessed to evaluate the findings in the murine and feline models translated to 

patients. An approximately 75% reduction (p=0.005) in cytochrome P450 reductase 

activity in liver microsomes was observed in post-mortem tissue biopsies taken 

from NPC patients compared to controls (Figure 2.8 A and B). MROD and EROD 

activities were also lower in the patients; however, the differences were not 

statistically significant (p=0.269 and 0.378 for MROD and EROD, respectively)  

(Figure 2.8 C), possibly due to too much individual variability (patients different 

ages). A significantly lower CYP3A expression was also seen in these patients 

(p=0.008) (Figure 2.8 D). 
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Figure 2.8. (A) Activity of Cytochrome c reductase in NPC patients at various disease 
stages and age-matched controls. Data are expressed as pmoles cytochrome c reduced per 
minute, normalised for microsomal protein content (mg). (B) Combined results from panel 
A. (C) Activity of CYP450 catalysed reactions in NPC patients and age-matched controls. 
Data are expressed as percentage of controls. (D) Representative western blot analysis of 
CYP3A in livers of NPC patients and their controls with relative CYP3A protein 
quantitation. Data are presented as mean ± SEM, n=3. **p<0.01, calculated using two-
tailed, unpaired t test. MROD, methoxyresorufin-O-dealkylation; EROD, ethoxyresorufin-
O-dealkylation; PROD, pentoxyresorufin-O-dealkylation; and BROD, benzoxyresorufin-O-
dealkylation. 

In addition, significant reduction in the expression of the CYP1A2 and CYP3A4 

genes in the patients compared to the healthy controls (p=0.015 and p=0.028, 

respectively) determined by absolute quantitation of the mRNA in the human livers. 

CYP2B6 expression was also reduced in patients, but the difference was not 

statistically significant (p=0.110) (Figure 2.9). 

 

 
 
 
 

Fig.4  
 
 
 
 
 
 
 
 

The text, figures and table originally presented here cannot be made freely available 
via ORA.



Chapter 2. Drug Metabolism Defects in NPC Disease 

 76 

phenobarbital, a CYPP450 2B inducer (enhancing the rate of both BROD and 

PROD reactions (175) in addition to CYP3A activity (176)), was administered to 

Npc1-/- and Npc1+/+ animals to see the effect of NPC1 defect in inducible drug 

metabolism. Interestingly, although baseline activities were reduced in the Npc1-/- 

mice, pretreatment with phenobarbital resulted in an enhanced response compared 

to wild-type control animals (Figure 2.11). 

Figure 2.11. Effect of phenobarbital induction on the activity of CYP450 catalysed 
reactions in Npc1-/- and Npc1+/+ mice. Data presented as fold induction (n=1). 

Furthermore, electron micrographs of hepatocytes in liver samples from treated and 

untreated Npc1-/- and Npc1+/+ mice, show differential proliferation of smooth ER 

(SER) (Figure 2.12). Hepatocytes from wild-type mice treated with phenobarbital 

showed a typical proliferation of SER (177), whereas phenobarbital challenged 

Npc1-/- hepatocytes although had similar proliferation of SER, presented with 

marked elaboration of rough ER (RER). 
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Figure 2.12. Representative electron micrographs of hepatocytes of phenobarbital 
treated and untreated Npc1+/+ and Npc1-/- and mice. Scale bar represents 500 nm. 

As bile acids regulate CYP gene expression and require cholesterol trafficking from 

lysosomes for their biosynthesis, which is impaired in NPC disease, we treated 

Npc1 mutant mice with UDCA from weaning and measured P450 enzyme activity 

at 9 weeks of age. There was either partial or complete normalisation of the studied 

P450 enzyme activities with significant 3.8 (p=0.004) and 2.4-fold (p=0.006) 

increase in EROD and PROD activities, respectively, whereas BROD activities 

increased by 3.6 fold (p=0.067) and MROD by 1.4 fold (p=0.322) (Figure 2.13). 

This would potentially implicate reduced/altered bile acid levels in NPC1 as an 

important mechanism underlying this defect.  



Chapter 2. Drug Metabolism Defects in NPC Disease 

 78 

Figure 2.13. Effect of bile acid supplementation (0.5% UDCA, w/w) on the activity of 
CYP450 catalysed reactions in Npc1-/- mice measured at 9 weeks of age, shown as 
percent of age-matched controls. Data are presented as mean ± SEM for each genotype, 
n=3. *p<0.05, calculated using two-tailed, unpaired t test with Welch’s correction. 
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2.4. Discussion 

Since most of the drugs tested in the Npc1-/- mouse caused toxicity, are primarily 

metabolised via the cytochrome P450 system in the liver, this superfamily of 

enzymes was investigated to identify any underlying defect in the Npc1-/- mouse 

model. In agreement with our empirical observation (92), we have shown that Npc1-

/- mice have a reduced cytochrome P450 reductase activity at 6 and 9 weeks of age 

(mid-late stage disease) compared to age-matched control mice. Cytochrome P450 

reductase is the electron donor for multiple enzymes including among others heme 

oxygenase (178), cytochrome b5 (179), squalene monooxygenase (180) and fatty 

acid elongase (181). Its deletion in mouse liver has been shown to be associated 

with a negative impact on drug clearance, due to the absence of an alternative 

electron donor to this enzyme system (182).  

We have shown a reduction in the reductase activity and gene expression of the 

cytochrome P450 system resulting in an overall reduction of CYP activity in Npc1-/- 

mice. This phenotype was further confirmed in vivo showing slower and less 

efficient clearance of midazolam in Npc1-/- mice as well as and its metabolites in 

both mutant and heterozygous mice, also implicating Phase II UGT enzymes.  

This defect although first observed in the Npc1-/- mouse, is also present in the cat 

model of NPC1 disease and was detected in post-mortem liver samples from NPC1 

patients. 

In addition to reduced liver function in NPC mice (183), other mechanism linked to 

NPC pathogenesis could contribute to the down-regulation of the cytochrome P450 

system genes, possibly resulting from cholesterol sequestration in LE/Lys.  

Endogenous sterols (e.g. cholesterol, oxysterols, vitamin D3 and bile acids) are 
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potent ligands for nuclear receptors involved in regulating cholesterol and drug 

metabolism “xenosensors” (184, 185). LXR regulates the expression of bile acid 

synthesising enzymes, while PXR, farnesoid X receptor (FXR), constitutive 

androstane receptor (CAR) and vitamin D receptor (VDR) are xenosensors 

regulating the expression of drug metabolising enzymes. The cross-talk between 

these two groups of receptors therefore links sterol homeostasis and drug 

metabolism. Oxysterols (cholesterol metabolites) are important mediators of this 

interplay between these nuclear receptors leading to a simultaneous regulation of 

genes involved in both cholesterol metabolism and drug metabolism, in addition to 

other pathways (155, 185, 186) (Figure 2.14).  

Figure 2.14. Regulation of drug metabolism by bile acids. Bile acids are the endogenous 
ligands of the nuclear receptors: FXR, PXR, and VDR. FXR activation results in the 
indirect inhibition of CYP7A1 expression; FXR activation induces SHP and FTF resulting 
in the inhibition of CYP7A1 expression. In the liver and intestine, PXR and VDR stimulate 
CYP3A, CYP2B, and CYP2C subfamilies of cytochrome P450 enzymes, which are 
involved in the 6α-hydroxylation and detoxification of CDCA and LCA to HCA and 
HDCA, respectively (Adapted from (187)). 

We hypothesised that the defect in the cytochrome P450 system in NPC1 disease 

might be triggered by the cholesterol efflux defect from late endosomes/lysosomes 

in NPC1 disease and a failure to engage nuclear receptors. This is potentially 

The figure originally presented here cannot be made freely available via ORA 
because of ‘copyright’.
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mediated by the following mechanisms (Figure 2.15): lack of LXR activation by 

oxysterols, and reduced bile acid synthesis.  

Figure 2.15. Proposed model of the effect of NPC mutation on liver drug metabolising 
enzymes. In the presence of a functional NPC1 and NPC2 protein, LDL-derived cholesterol 
is trafficked out of the lysosome where it can be converted to side chain oxysterols. Side 
chain oxysterols activate LXR target genes, including bile acid synthesis enzymes. Bile 
acids in turn activate other nuclear receptors FXR, CAR and PXR. These nuclear receptors 
stimulate the transcription of cytochrome P450 enzymes, Phase II enzymes and other 
xenobiotic transporters. However, NPC1/NPC2 dysfunction (changes in grey) reduces side 
chain oxysterols and subsequently down regulates the expression levels of downstream 
enzymes and nuclear receptors, finally resulting in low expression levels of the xenobiotic 
metabolising enzymes and transporter proteins. Other contributors to the reduction in 
cytochrome P450 enzyme activity include mechanisms relevant to inflammation including 
cytokines and other hormonal mediators released in response to inflammation.  

NPC1 cells have less side chain enzymatically produced oxysterols due to decreased 

transport of unesterified cholesterol from the lysosome to the ER, where the 

enzymes catalysing the formation of 24(S)-, 25- and 27 hydroxycholesterol reside 

(152). Although NPC1 cells have elevated levels of the non-enzymatically produced 

oxysterols, 7-ketocholesterol and 3β,5α,6β-clolestanetriol (50), these products of 
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oxidative stress are weak LXR agonist (188), unlike enzymatically produced 

oxysterols, which are potent agonists (188-190). LXR activation by oxysterols 

induces the expression of its target genes, including CYP7A1, which catalyses the 

first step in bile acid biosynthesis (191). Bile acid biosynthesis is significantly lower 

in Npc1-/- mice challenged with a high cholesterol diet compared to normal mice, as 

these mice failed to upregulate bile acid synthesis in response cholesterol overload 

(192, 193). Bile acids in turn, are endogenous ligands for the xenosensor PXR, 

regulating the expression of multiple Phase I and Phase II drug metabolising 

enzymes (194). A neuroprotective effect was reported in the Npc1-/- mouse upon 

administration of PXR and LXR agonists (89, 120). Activation of their target genes 

mediated the beneficial effect by facilitating cholesterol efflux (195). One 

mechanism that triggered this cytochrome P450 defect was the diminished 

production of enzymatically generated oxysterols, which in turn triggers bile acid 

deficiency. 

The outcome of the phenobarbital induction study further supports this mechanism. 

phenobarbital is known to induce cytochrome P450 enzyme activity, including 

CYP2B10, CYP3A11, and cytochrome P450 reductase and its effect is mediated 

through activation of xenobiotic nuclear receptor CAR, which regulates the 

expression of drug and steroid metabolising enzymes (176).  

Inflammation is another component of NPC1 disease that could contribute to this 

P450 system defect. Cytokines as well as hormonal responses to inflammation are 

known to regulate the cytochrome P450 system at the transcriptional, post-

transcriptional and post-translational levels (196). The pro-inflammatory cytokine 

TNF also has a regulatory effect on cytochrome P450 enzyme activities (196, 197). 
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PPARα (peroxisome proliferator-activated receptors α) activation (e.g. by 

endogenous ligands produced in response to inflammation), reactive oxygen species 

and nitric oxide generation are all inflammation-associated processes known to 

suppress the cytochrome P450 system (198). 

To test whether bile acid deficiency was a significant factor in reduced P450 system 

gene expression we evaluated bile acid supplementation in Npc1-/- mice.  Bile acid 

supplementation (UDCA) from weaning had a positive effect in the Npc1-/- mice 

functionally (reduced tremor and improved motor function) as well as partially 

correcting the cytochrome P450 defect. This finding suggests that xenobiotic 

neurotoxicity may play a role in the pathogenesis of NPC disease. These data also 

suggest that bile acid replacement therapy may be a useful adjunctive therapy in 

NPC1 patients. UDCA is a cheap FDA approved drug for the treatment of primary 

biliary cirrhosis (199). More studies will be needed to fully evaluate their 

therapeutic potential in NPC disease beyond the neonatal liver disease phase of the 

disease when they are transiently prescribed. 

These findings could impact preclinical studies where drug efficacy could be 

masked by drug-induced toxicity. Dose adjustment might be therefore needed in 

NPC patients. Interestingly, curcumin, which has shown to be beneficial in the 

Npc1-/- mouse, also inhibits the cytochrome P450 system (200). It is therefore 

possible that its positive effect (weak SERCA antagonism) outweighs this negative 

effect, as different studies have reported varying outcomes using the same 

compound (37, 113).  

These findings might potentially need to be considered when developing new 

therapies for NPC disease and when using established symptomatic management 
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(drugs to manage seizures for example) and using dietary supplements in NPC1 

patients. Adjusting the dose may need to be considered for drugs which undergo 

Phase I metabolism and/or Phase II glucoronidation. Also, when developing 

prodrugs, failure to metabolise the prodrug to the active metabolite in NPC1 

patients may result in the administration of suboptimal doses. 

Hepatic involvement in NPC1 patients presents with heaptosplenomegaly, jaundice 

and neonatal cholestasis, which can be fatal in early life (150). Cellular and 

molecular mechanisms of liver disease in NPC disease are linked to apoptosis, 

inflammation and fibrosis (183). NPC1 patients in the neonatal period often present 

with cholestatic jaundice and hepatic dysfunction which usually resolves, although 

could be lethal in few cases. This could be explained by our findings. The normal 

maturation of both phase I and II metabolism post birth is established (201) and we 

would hypothesise that the defect in the this system in addition to its immaturity in 

the neonate, could contribute to this neonatal hepatic phenotypes in NPC1 disease. 

The heterozygote phenotype described might have potential implications to the 

general population with the predicted carrier frequency of NPC mutation of 1/173 or 

0.6% of the population, but this will need to be further evaluated and carefully 

studied. 
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3.1. Introduction 

Therapeutic options for NPC1 disease are currently limited to small molecule 

therapeutics. Small molecules are the main option due to the trans-membrane nature 

of the NPC1 protein, making gene/protein replacement therapy difficult, unlike 

NPC2, which is a soluble mannose-6-phosphate targeted protein amenable to cross-

correction and therefore bone marrow transplantation (202). The potential targets of 

approved and experimental therapies are summarised in Figure 3.1. 

Currently, the only approved therapy (approved world-wide except in the USA) is a 

small molecule therapy using the imino sugar NB-DNJ (miglustat) (83) which acts 

via reversible inhibition of the first and rate limiting step of GSL biosynthesis 

(glucosylceramide synthase), thus preventing pathological GSL accumulation (203) 

and reduces sphingosine levels in the lysosome. This small molecule is capable of 

crossing the blood-brain barrier exerting a protective effect in the CNS in addition 

to peripheral tissues (106). Miglustat has proven successful in delaying onset of 

neurological symptoms and extending life expectancy in animal models (cat and 

mouse) along with significant reduction in GSL storage (82). Cyclodextrin is in 

clinical trials at the NIH based on efficacy in murine (87, 88) and feline models 

(123) and HDAC inhibitor (144, 145) trials are planned. 

Another class of therapeutics are calcium-modulating agents, which act by elevating 

cytosolic calcium (from intracellular organelles other than the acidic compartment) 

to compensate for defective calcium release from the acidic compartment, allowing 

cellular events (fusion and transport) to occur and thus prevent subsequent 

mistrafficking and storage of intracellular lipids (37). 
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This chapter aims to evaluate potential therapeutic agents for NPC disease in the 

authentic mouse model, including small molecules, biologics (recombinant proteins 

including monoclonal antibodies, fusion proteins and endotoxins that modulate 

immune response) and metabolite supplementation therapy. 

Figure 3.1. Outline of targets for potential therapies for NPC disease. 
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3.2. Methods 

3.2.1. Mice 

Npc1-/- mice were generated, maintained and genotyped as described in Chapter 2. 

3.2.2. Treatment 

Compounds were either mixed with the powdered standard mouse chow (RM1 (E) 

FG SQC Expanded Ground 811004, SDS UK, Witham, Essex, UK, expanded 

ground, Rat and Mouse No.1 Maintenance, SDS) and directly fed to the mice or 

reformulated into pellets when indicated. To avoid wasting the test compound when 

supplied with the powdered chow; the prepared powdered diet was given in glass 

“inkwells” placed on a glass petridish plate to prevent spillage mixing with bedding. 

Pre-weaning and for mice on treatments administered parenterally, mice were fed a 

Harlan Teklad 2016 diet. 

3.2.3. Therapies 

 3.2.3.1. Anti-inflammatory agents 

Vinpocetine (Sigma-Aldrich, Dorset, UK) was added to powdered mouse chow in a 

dose of 10 mg/kg body weight/day and 5 mg/kg body weight/day. Treatment was 

started at 6 weeks of age as recommended for anti-inflammatory drugs (92). 

The anti-TNF biologic Enbrel (Etanercept; Amgen/Pfizer, Amgen, USA) was 

administered subcutaneously (200 µg/animal; (204)) twice a week (n=5). Humira 

(Adalimumab; Abbott) was administered intraperitoneally at 20 mg/kg three times a 

week (doses converted from human doses based on differential binding coefficients 

against murine and human TNF) (n=5) and Remicade (Infliximab; Centocor Orth 

Biotech) was administered intraperitoneally at 6.25 mg/kg once a week (205) (n=5). 

Control animals (n=7) were administered equal volumes of PBS subcutaneously and 

intraperitoneally as well as untreated controls. All treatments were started at 6 
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weeks of age. Anti-TNF biologics were kindly provided by Prof. Raashid Luqmani 

(Nuffield Orthopaedic Centre, Oxford). Some of the Enbrel and control groups were 

studied by Marcus Hui as part of his M.Sc. project. 

 3.2.3.2. Calcium modulators (curcumin) 

Npc1-/- mice were fed a standard mouse diet supplemented with curucmin 

(Curcumin (65-70%) C1386, Sigma-Aldrich, Dorset, UK) at a dose 150 and 250 

mg/kg BW/day, either mixed with normal diet in a powder form (curcumin 150) or 

reformatted into pellets (Curcumin (P)). A curcuminoids mixture (purum, mixture 

of curcumin, desmethoxycurcumin and bisdesmethoxycurcumin, ≥95.0% 

(TLC) Curcumin, Fluka 28260) at the same dose (150 mg/kg/day) was also tested, 

mixed with the mouse chow which was then reformulated into pellets 

(Curcuminoids (P)), as food pellets are consumed more efficiently and so allow 

more optimal dosing (206). These treatments were initiated at weaning (3 weeks). 

 3.2.3.3. Bile acid supplementation 

Npc1-/- mice were fed a standard mouse diet supplemented with 0.5% UDCA (w/w, 

Sigma-Aldrich) starting from weaning (day 21). Combination therapies of UDCA 

(0.5%) with high dose curcumin (300 mg/kg), UDCA with high dose curcumin and 

NB-DGJ (N-butyldeoxygalactonojirimycin 1,200 mg/kg), UDCA with NB-DGJ, 

NB-DGJ with high dose curcumin, NB-DGJ alone as well as high dose curcumin 

alone were also investigated. 

For a quick assessment of the acute effect of bile acid supplementation in this 

disease model, mice were fed a high dose ibuprofen (800 mg/kg, a dose that has 

shown to be toxic in this mouse model, starting at 6 weeks), these mice have been 

given a diet supplemented with 0.5% UDCA starting at 3 weeks. Two control 
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groups on normal diet and high dose ibuprofen alone groups. All groups had n=5 

and were monitored for acute toxic effect reflected in body weight changes over 7 

days. 

 

Summary of all investigated compounds/biologics (Table 3.1).  

Table 3.1. Summary of the investigated therapies in NPC1 mouse model studied in this 
thesis. The table shows the compounds, their mechanism of action (by which they exert 
their proposed beneficial effects), the dose, form and route of administration (p.o.; orally, 
s.c.; subcutaneously, i.p.; intraperitoneally, BW; body weight). 

3.2.4. Survival 

For all therapeutic trials, a predetermined late humane end point was applied when a 

mouse has lost ~1 gram or more body weight within 24 hours (mice have stopped 

feeding due to severe ataxia). 

Compound Mechanism of Action Dose Form Route of 
Administration 

Start of 
treatment 

NB-DGJ Substrate reduction therapy 1,200 mg/kg BW/day Solid admix with/
powdered chow 

p.o. Weaning (3 
weeks) 

Curcumin Calcium modulator 150 mg/kg BW/day /powdered chow 
/pelleted chow 

p.o. Weaning (3 
weeks) 

Vinpocetine NSAID   /powdered chow p.o. 6 weeks 

UDCA Bile acid supplementation 0.5% (w/w) /powdered chow p.o. Weaning (3 
weeks) 

NB-DGJ 
high dose curcumin 

Combination therapy 1,200 mg/kg BW/day 
300 mg/kg BW/day 

/powdered chow p.o. Weaning (3 
weeks) 

UDCA+ high dose 
curcumin 

Combination therapy 0.5% (w/w) 
300 mg/kg BW/day 

/powdered chow p.o. Weaning (3 
weeks) 

NB-DGJ 
UDCA 
high dose curcumin 

Combination therapy 1,200 mg/kg BW/day 
0.5% (w/w) 
300 mg/kg BW/day 

/powdered chow p.o. Weaning (3 
weeks, 21 
days) 

high dose curcumin Calcium modulator for combination 
therapy 

300 mg/kg BW/day  /powdered chow p.o. Weaning (3 
weeks) 

NB-DGJ 
UDCA 

Combination therapy 1,200 mg/kg BW/day 
0.5% (w/w) 

/powdered chow p.o. Weaning (3 
weeks) 

Etanercept (Enbrel) Anti-TNF antibody 
Human TNFR2-Fc fusion protein 

200 µg Solution in PBS s.c. twice a week 6 weeks 

Infliximab 
(Remicade) 

Anti-TNF antibody 
Mouse/human chimeric monoclonal 
IgG1 TNF-specific antibody 

6.25 mg/kg BW/day Solution in PBS i.p. once a week 6 weeks 

Adalimumab 
(Humira) 

Anti-TNF antibody 
Fully human monoclonal TNF-specific 
antibody 

20 mg/kg BW/day 
  

Solution in PBS i.p., three times a 
week 

6 weeks 

Myogane  Neurotrophic factor inducing 
diosgenins 

0.1, 1 and 10 mg/kg BW/
day 

/powdered chow p.o. Weaning (3 
weeks) 
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3.2.5. Neurological function  

Behavioural tests were performed weekly starting a week after the initiation of the 

treatment and until end-point. For all behavioural tests, mice were allowed to 

acclimatise in the room where the tests were conducted, in their home cages for at 

least 15 minutes. Also, testing was carried out with a background noise (radio) to 

reduce any disturbances (and therefore distress), which might interfere with the 

mouse behaviour under assessment. Tests were conducted at the same time of day. 

 3.2.5.1. Tremor monitoring 

Tremor was measured weekly using a commercial tremor monitor (San Diego 

Instruments) following the manufacturer's instructions. It was placed on an anti-

vibration table to minimise any interferences. Measurement time was 256 seconds 

and mice were allowed 60 seconds acclimatisation within the chamber before 

acquisition. A National Instruments PCI card was used to connect the tremor 

monitor to a computer. The LabView analysis software was used to analyse and 

transform (fast Fourier transform) the results (amplitude/time) to a measurement of 

power representing tremor amplitude at each frequency (0–64 Hz). 

 3.2.5.2. Open-field Test/ Rearing activity 

Following acclimatisation, each mouse was placed in a plastic box (45 x 25 x 12 

cm), the floor of which was covered with a layer of their home cage bedding, as a 

way of acclimatising and reducing any stress caused by moving away from the 

home cage to a new environment. 

Each mouse was placed in the middle of the box, allowed to acclimatise for 5 

minutes. The spontaneous activity measured as rearing activity of individual mice 

was recorded manually for 5 min. The count of mouse rears on its hind legs (either 



Chapter 3. Behavioural Evaluation of Therapeutic Agents in NPC1 Disease 

 92 

unsupported or against the cage wall) were recorded as “centre rears” and “rears”, 

respectively. 

3.2.6. Statistics 

Data are expressed as means ± SEM. Prism GraphPad 6.0 was used to calculate 

survival curves (Kaplan-Meier) The survival data were analysed by the Kaplan-

Meier test. The behavioural studies were assessed using one-way ANOVA with 

Tukey’s post hoc test for multiple comparisons. For the acute toxicity growth curve, 

two-way ANOVA with Tukey’s post hoc test was performed for multiple 

comparisons. 
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3.3. Results 

3.3.1. Anti-inflammatory agents 

Inflammation in the CNS has been reported in chronic neurodegenerative disorders 

(207), and the administration of the non-steroidal anti-inflammatory agent ibuprofen 

in Npc1-/- mice has been shown to be beneficial, extending the life span of treated 

mice and slowing disease progression (92). 

In the current research, vinpocetine (Figure 3.2), an alkaloid compound of plant 

origin that is known for its cognitive enhancement properties, was evaluated in 

Npc1-/- mice since it has been recently reported to have anti-inflammatory properties 

(208). 

Figure 3.2. Structural formulae of vinpocetine. 

Vinpocetine at a dose of 10 mg/kg/day and a further adjusted lower dose of 2 

mg/kg/day was administered orally starting at 6 weeks of age (early symptomatic 

stage). Adjusting the dose to avoid toxicity was successful in significantly extending 

life span (p=0.025) (Figure 3.3).  

 

The figure originally presented here cannot be made freely available via ORA 
because of ‘copyright’.
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Figure 3.3. Effect of the anti-inflammatory compound vinpocetine on survival of Npc1-

/- mice. (A) Kaplan–Meier survival curve (percent survival) and (B) Average survival ages. 
Data presented as mean ± SEM *p<0.05, calculated using one-way ANOVA with Tukey's 
post hoc test (n=3-14).  

 

Both doses resulted in a worsening of the weight loss profile of treated mice, 

although not significant (Figure 3.4).  

 

 

 

 

 

8 10 12 14
0

50

100

Age (weeks)

P
er

ce
nt

 s
ur

vi
va

l Untreated Npc1-/-

Vinpocetine (10 mg/kg)
Vinpocetine (2 mg/kg)

(A) 

(B) 

0 5 10 15

Untreated Npc1-/-

Vinpocetine (2 mg/kg)

Vinpocetine (10 mg/kg)

*

Age (weeks)



Chapter 3. Behavioural Evaluation of Therapeutic Agents in NPC1 Disease 

 95 

 

 

Figure 3.4. Effect of the anti-inflammatory compound vinpocetine on weight loss of 
Npc1-/- mice. Data presented as mean (percent of initial body weight) ± SEM. One-way 
ANOVA with Tukey's post hoc test was performed (n=3-14). 

 

Motor function in response to treatment was evaluated by measuring rearing activity 

in a five-minute open field test. Vinpocetine was only beneficial at the higher dose 

at the late symptomatic phase (Figure 3.5 A and B) increasing rearing activity 

compared to both untreated and low dose groups at 10 weeks (p=0.018 and 0.022, 

respectively) and centre rearing count markedly compared to untreated controls at 9 

weeks (p=0.042). 
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Figure 3.5. Effect of the anti-inflammatory compound vinpocetine on (A) rearing and 
(B) centre rearing of Npc1-/- mice. Data presented as mean (rearing count) ± SEM. 
*p<0.05, calculated using one-way ANOVA with Tukey’s post hoc test (n=3-14).  

No significant reduction in tremor amplitude was observed with either dose at all 

disease stages (Figure 3.6 and Figure 3.7), in fact the high dose was associated 

with worsening of the tremor at the late symptomatic stage possibly due to toxicity 

while the low dose may have been too low to produce any beneficial effect on the 

tremor amplitude.  
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Figure 3.6. Effect of the anti-inflammatory compound vinpocetine on tremor of Npc1-/- 
mice. Data presented as mean tremor amplitude between 0 and 55 Hz (n=3-14), untreated 
controls are untreated Npc1-/- controls. 
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Figure 3.7. Effect of the anti-inflammatory compound vinpocetine on fine tremor of 
Npc1-/- mice. Tremor amplitudes quantified as averaged fine tremor amplitude (over the 
range 31-51 Hz). Data presented as mean ± SEM. One-way ANOVA with Tukey’s post hoc 
test was performed (n=3-14). 

Since inflammation in NPC1 disease is TNF dominated, targeting TNF using anti-

TNF or TNF-targeting biologics could potentially be a promising therapeutic 

intervention targeting the inflammatory component of the disease and potentially, 

provided these biologics can cross the blood-brain barrier, effective in alleviating 

neuroinflammation. 

This approach has been used in other inflammatory conditions such as Crohn’s 

disease and rheumatoid arthritis (Table 3.2) (209). These biologics have established 

safety profiles and have been subjected to clinical trials in other inflammatory 
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Name	 Structure	 Therapeutics	Use	

Etanercept	(Enbrel®;	

Amgen/Pfizer)	

Human	TNFR2-Fc	fusion	

protein	

Rheumatoid	arthritis,	psoriatic	

arthritis,	psoriasis,	ankylosing	

spondylitis	

Infliximab	

(Remicade®;	

Centocor	Orth	

Biotech)	

Mouse/human	chimeric	

monoclonal	IgG1	TNF-specific	

antibody	

Rheumatoid	arthritis,	psoriatic	

arthritis,	psoriasis,	ankylosing	

spondylitis,	Crohn’s	disease	

Adalimumab	

(Humira®;	Abbott)	

Fully	human	monoclonal	

TNF-specific	antibody	

Rheumatoid	arthritis,	psoriatic	

arthritis,	psoriasis,	ankylosing	

spondylitis	

Table 3.2. TNF-targeting Biologics clinically used. Pharmaceutical companies have 
developed anti-TNF biologics for diseases with a major inflammatory component such as 
rheumatoid arthritis and Crohn’s disease (Adapted from (210, 213)). 

Indeed, a mouse-rat chimeric anti-TNF monoclonal antibody, CNTO5048, has been 

tested in the mouse model of liver specific knockdown of NPC1 and shown a 

marked improvement in multiple markers of peripheral (liver) inflammation. Since 

the model used was a liver specific knockdown, the neurological functional or 

neuroinflammation side of NPC disease could not be addressed (93). 

Enbrel, Humira and Remicade (Figure 3.8) were administered to Npc1-/- mice 

starting from 7 weeks of age.  

Figure 3.8. Simplified structures of TNF-targeting biologics clinically used (Courtesy 
of Marcus Hui and Modified from (210)). 
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The table originally presented here cannot be made freely available via ORA 
because of ‘copyright’.

The figure originally presented here cannot be made freely available via ORA 
because of ‘copyright’.
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None of these biologics had an effect on the life span of the treated mice compared 

to their vehicle controls (Enbrel, p=0.991, Humira, p=0.979 and Remicade, 

p>0.999) (Figure 3.9). Only Humira treatment was associated with significant 

increase in life span when compared to untreated control (p=0.015) but not in 

respect to vehicle only controls (i.e. the rehydration properties of the saline vehicle 

extends life span not the anti-TNF biologic). 

Figure 3.9. Effect of TNF-targeting biologics on survival of Npc1-/- mice. (A) Kaplan–
Meier survival curve (percent survival) and (B) Average survival ages. Data presented as 
mean ± SEM, *p<0.05, calculated using one-way ANOVA with Tukey’s post hoc test 
(n=5-14). 
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untreated controls, p=0.002 vs. controls s.c. and Enbrel and p=0.018 vs. Humira, 

whereas at 9 weeks; p=0.036 vs. controls s.c.). 

Figure 3.10. Effect of TNF-targeting biologics on body weight loss of Npc1-/- mice. Data 
presented as mean (percent of initial body weight) ± SEM. *p<0.05 and **p<0.01, 
calculated using one-way ANOVA with Tukey’s post hoc test (n=5-14). * denotes 
comparison vs. controls s.c., � denotes comparison vs. untreated controls, + denotes 
comparison vs. Enbrel and # denotes comparison vs. Humira. 

However, all treatments had a beneficial effect as they were associated with higher 

level of rearing activity (motor strength and coordination) than control mice, at later 
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weeks, higher than the two control groups (untreated and s.c. injected), and 

maintained up to 12 weeks, however, did not reach statistical significance. 

Similarly, Enbrel treated mice rearing activity was higher compared to its s.c. 

control group throughout, however, the difference was not statistically significant 

(p=0.472 and 0.983, at 8 and 9 weeks, respectively). 

In terms of centre rearing activity, centre rearing activity was sustained from 9 

weeks until 12 weeks compared to both control group mice which have lost the 

ability to centre rear completely by 12 weeks, starting gradually from 10 weeks 

(Figure 3.11 B). 

In particular, Humira treated mice had significantly higher centre rearing counts at 8 

weeks compared to controls that were PBS injected s.c. (p=0.023). By 9 weeks, both 

Humira and i.p. injected control mice had higher centre rearing counts compared to 

untreated controls (p=0.009 and 0.008, respectively), to controls injected s.c. 

(p=0.003 for both) and compared to Enbrel group (p=0.009 and 0.011, rescetively).  

Although this could suggest a benefit of i.p. saline and general rehydration on the 

rearing activity of Npc1-/- mice, the ability of Humira treatment to sustain rearing 

activity beyond all control groups at later time points, suggest an additional benefit 

of delivering anti-TNF antibodies to Npc1-/- mice. 
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Figure 3.11. Effect of TNF-targeting biologics on (A) rearing and (B) centre rearing of 
Npc1-/- mice. Data presented as mean (rearing count) ± SEM. *p<0.05 and **p<0.01, 
calculated using one-way ANOVA with Tukey’s post hoc test (n=5-14). 

Average tremor amplitude over the high frequency range (31-51 Hz) was not 

different between the groups until 11 weeks, where i.p. control group had a 

significantly higher tremor amplitude compared to both untreated controls and 

Humira treated group indicative of a potential positive effect of Humira on tremor at 

this time point compared to i.p. saline only (Figure 3.12 and Figure 3.13). 
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Figure 3.12. Effect of TNF-targeting biologics on fine tremor of Npc1-/- mice. Tremor 
amplitudes quantified as averaged fine tremor amplitude (over the range 31-51 Hz). Data 
presented as mean ± SEM. *p<0.05 and ***p<0.001, calculated using one-way ANOVA 
with Tukey’s post hoc test (n=5-14), untreated controls are untreated Npc1-/- controls. 
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Figure 3.13. Effect of TNF-targeting biologics on tremor of Npc1-/- mice. Overall tremor 
range Data presented as mean tremor amplitude between 0 and 55 Hz (n=5-14), untreated 
controls are untreated Npc1-/- controls. 

3.3.2. Calcium modulators (curcumin) 

Curcumin, a calcium modulating agent (weak SERCA antagonist (112)), which has 

proven to be beneficial in NPC disease; increasing survival rates, slowing disease 

progression, improving motor function and reducing GSL storage in the brain (37), 

has also been investigated at two different doses: 150 and 250 mg/kg/day, mixed 

with normal diet in a powdered form. Curcumin at 150 mg/kg/day and a 

curcuminoids mixture (curcumin, demethoxycurcumin and bisdemethoxycurcumin, 

Figure 3.14) at the same dose were also tested in a different form, mixed with the 

mouse chow which was then reformulated into pellets (P), as food pellets are 

consumed more efficiently and so allow more optimal dosing (206). These 

treatments were initiated at weaning (3 weeks). Another set of animals generated 

from a new colony (as opposed to the old colony which has been maintained for 

long time and may have been exposed to environmental factors such as infections) 

was also included for comparison, with two higher doses 250 and 300 mg/kg 

curcumin in powdered form, with their untreated controls. 
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Figure 3.14. Structural formulae of (A) Curcumin, (B) Demethoxycurcumin and (C) 
Bisdemethoxycurcumin. 

Life span increased significantly only with the low dose curucmin 

(curcumin/powdered chow: p=0.016) (Figure 3.15).  

Figure 3.15. Effect of curcumin (at different doses and formulations) on 
survival of Npc1-/- mice. (A) Kaplan–Meier survival curve (percent survival) and 
(B) Average survival ages. Data presented as mean ± SEM. *p<0.05, calculated 
using one-way ANOVA with Tukey's post hoc test (n=3-14). 
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Growth curves (Figure 3.16) show similar pattern of weight gain throughout the life 

span except for the high dose curcumin where the mice dropped more weight at late 

symptomatic stage suggesting the toxicity associated with this dose.  

Figure 3.16. Effect of curcumin (at different doses and formulations) on weight loss of 
Npc1-/- mice. Data presented as mean (percent of initial body weight) ± SEM. One-way 
ANOVA with Tukey's post hoc test was performed (n=3-14). 

Only curcuminids diet was associated with a significantly higher rearing count at 8 

weeks (p=0.001, 0.010, 0.003 and <0.0001 compared to untreated controls, pelleted 

curcumin, high and low dose curcumin, respectively) (Figure 3.17 A). By 9 weeks, 

pelleted curcumin diet resulted in increased rearing activity (p=0.006, 0.039 and 

0.001 compared to untreated controls, high and low dose curcumin, respectively). 

Both groups on pelleted diets sustained their rearing activity up to 11 weeks where 

all other groups lost their rearing ability completely. Signs of toxicity associated 

with the higher dose of curcumin were seen with the motor function deterioration 

evident at all disease stages and reduced body weight. Mice on the high curcumin 

diet lost their centre rearing activity by 7 weeks and had lower centre rearing counts 

starting from 6 weeks. 
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Both curcumin and curcuminids administered with the pelleted diet were 

accompanied by a significantly higher centre rearing counts (p=0.040 and 0.028 vs. 

untreated controls and p=0.038 and 0.028 vs. curcumin administered with dry 

admix, respectively at 9 weeks), by 10 weeks only the pelleted curuminoids mix 

was associated with enhanced centre activity (p=0.034 and 0.030 vs. untreated 

controls and curcumin administered with dry admix, respectively) indicative of 

improved neurological/motor function (Figure 3.17 B). 

Figure 3.17. Effect of curcumin (at different doses and formulations) on (A) rearing 
and (B) centre rearing of Npc1-/- mice. Data presented as mean (rearing count) ± SEM. 
*p<0.05, **p<0.01, ***p<0.001 and p<0.0001, calculated using one-way ANOVA with 
Tukey’s post hoc test (n=3-14).  
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On the other hand, weekly tremor monitoring (Figure 3.18 and Figure 3.19) 

revealed that only the 150 mg/kg curucmin group had a significantly lower fine 

tremor amplitude throughout their life span compared to untreated controls 

(p=0.001, 0.005, <0.0001 and 0.023 at 5, 6, 7 and 9 weeks, respectively). 

Interestingly, the 150 mg/kg curcumin was also more effective than the pelleted 

formulation (p=0.048, 0.038, 0.019 and 0.008 at 5, 6, 7 and 10 weeks, respectively) 

and than curcuminoid mix (p=0.022, 0.012 and 0.016 at 5, 7 and 10 weeks, 

respectively). 

Both pelleted diets resulted in worsening of the tremor starting from 10 weeks, 

which was not statistically significant. The improved motor function upon pelleted 

curcumin diets suggested an additional advantage of reformulating the diet in a 

better-consumed form. Pure curcuimn (as opposed to curcuminoid mixture) offered 

the extra advantage of extending the life span of treated Npc1-/- mice and possibly 

not causing as much worsening of the tremor. This could be potentially due to all 

the effects being solely attributed to curcumin rather than the mixed actions of other 

components. The purest curcumin formulation (free of any curcuminoids) has 

shown to be associated with the best results in terms of correcting NPC1 cells 

(Lloyd-Evans, unpublished, personal communication). 



Chapter 3. Behavioural Evaluation of Therapeutic Agents in NPC1 Disease 

 112 

Figure 3.18. Effect of curcumin (at different doses and formulations) on fine tremor of 
Npc1-/- mice. Tremor amplitudes quantified as averaged fine tremor amplitude (over the 
range 31-51 Hz). Data presented as mean ± SEM. *p<0.05, **p<0.01 and ****p<0.0001, 
calculated using one-way ANOVA with Tukey’s post hoc test (n=3-14).  
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Figure 3.19. Effect of curcumin (at different doses and formulations) on tremor of 
Npc1-/- mice. Data presented as mean tremor amplitude between 0 and 55 Hz (n=3-14), 
untreated controls are untreated Npc1-/- controls. 

We have then revisited the higher dose approach in a new colony to assess the effect 

of environmental factors and genetic drifts on the efficacy of the higher doses of 

curcumin in Npc1-/- mice. Although the life span of untreated controls has extended 

by 2 weeks, the high dose curcumin diets were not associated with an additional 

extension of the life span beyond that (Figure 3.20). 
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Figure 3.20. Effect of high dose curcumin on survival of Npc1-/- mice from the new 
colony. (A) Kaplan–Meier survival curve (percent survival) and (B) Average survival ages. 
Data presented as mean ± SEM. One-way ANOVA with Tukey's post hoc test (n=4-11). 

However, the clean status of the colony has resulted in an improved weight loss 
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group did not start losing weight until 9-10 weeks. 
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Figure 3.21. Effect of high dose curcumin on weight loss of Npc1-/- mice from the new 
colony. Data presented as mean (percent of initial body weight) ± SEM. One-way ANOVA 
with Tukey's post hoc test was performed (n=4-11).  

The effect of the high dose curcumin in the new colony was also evident from 

improved rearing activity of the 250 mg/kg group (p=0.007 and 0.005 vs. untreated 

controls and the 300 mg/kg groups at 7 weeks and p=0.0007 and 0.002 vs. untreated 

controls and 300 mg group, respectively at 9 weeks). This was lower at 6 up to 9 

weeks compared to all groups in the old colony (Figure 3.22 A). 

Similarly, centre rearing activity of the 250 mg/kg group was significantly higher 

(p=0.013 vs. 300 mg group at 5 weeks, p=0.0004 and 0.0002 vs. untreated controls 

and 300 mg group, respectively at 6 weeks and p=0.037 vs. 300 mg group at 7 

weeks). This was lower at 6 weeks than all groups and completely lost at 7 weeks, 

in the old colony (Figure 3.22 B). 
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Figure 3.22. Effect of high dose curcumin on (A) rearing and (B) centre rearing of 
Npc1-/- mice from the new colony. Data presented as mean (rearing count) ± SEM. 
*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001, calculated using one-way ANOVA 
with Tukey’s post hoc test (n=4-11).  

Although re-deriving the colony resulted also in a decrease in the fine tremor 

amplitude of untreated Npc1-/- mice, both high dose curcumin diets did not further 

reduce fine tremor in treated mice, however, they were not associated with a 

worsening of this phenotype (Figure 3.23 and Figure 3.24). 
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Figure 3.23. Effect of high dose curcumin on fine tremor of Npc1-/- mice from the new 
colony. Tremor amplitudes quantified as averaged fine tremor amplitude (over the range 
31-51 Hz). Data presented as mean ± SEM. One-way ANOVA with Tukey’s post hoc test 
(n=4-11). 
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Figure 3.24. Effect of high dose curcumin on tremor of Npc1-/- mice from the new 
colony. Data presented as mean tremor amplitude between 0 and 55 Hz (n=3-14), untreated 
controls are untreated Npc1-/- controls. 
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3.3.3. Bile acid supplementation 

While assessing the effect of bile acid supplementation on drug metabolising 

capacity of Npc1-/- mice (Chapter 2), we saw improvement in neurological function 

(enhanced rearing activity and reduced tremor amplitude) and therefore investigated 

this further and evaluated the combination of this therapy with high dose curcumin 

(to assess its effect on reducing accompanying toxicity) and with NB-DGJ. Only 

NB-DGJ (galactose analogue of miglustat, also a GSL biosynthesis inhibitor (214)) 

alone or in combination was associated with a marked increase in life span of 

treated mice (Figure 3.25). No significant differences in survival were observed 

upon administration of UDCA (p=0.438), curcumin (p=0.949) or their combination 

(p=0.979). NB-DGJ treatment significantly extended the life span of treated mice 

compared to untreated, UDCA-treated, curcumin-treated and UDCA with curucmin 

treatment groups (p<0.0001). Both the triple combination and UDCA with NB-DGJ 

groups lived significantly longer than the untreated control group (p=0.002 and 

0.0005), single treatment groups (p=0.0003 and <0.0001 vs. curcumin group and 

p=0.0002 and <0.0001 vs. UDCA) and UDCA with curcumin group (p=0.002 and 

0.0005). Interestingly, the addition of UDCA to any diet was associated with a 

reduction in survival rates, although the differences were not significant (p=0.377 

vs. NB-DGJ group and 0.949 vs. curcumin group). There was no difference in 

survival between the NB-DGJ double and triple combination groups (p=0.949). 
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Figure 3.25. Effect of test compounds on survival of Npc1-/- mice. (A) Kaplan–Meier 
survival curve (percent survival) and (B) Average survival ages. Data presented as mean ± 
SEM. **p<0.01, ***p<0.001 and ****p<0.0001, calculated using one-way ANOVA with 
Tukey's post hoc test (n=7). * denotes comparison vs. untreated Npc1-/-, Npc1-/ -+UDCA, 
Npc1-/-+curcumin, and Npc1-/-+UDCA+curcumin. � denote somparison vs. untreated 
Npc1-/-, Npc1-/-+UDCA+curcumin and # denotes comparison vs. Npc1-/ -+UDCA and Npc1-/-

+curcumin. 
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combined with NB-DGJ alone or with curcumin as well, UDCA was associated 

with a marked protection from weight loss at 9 and 10 weeks (Figure 3.26). 

Figure 3.26. Effect of test compounds on weight loss of Npc1-/- mice. Data presented as 
mean (percent of initial body weight). *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001, 
calculated using one-way ANOVA with Tukey's post hoc test (n=7). * denotes comparison 
vs. Npc1-/ -+UDCA, # denotes comparison vs. Npc1-/-+UDCA+curcumin, + denotes 
comparison vs. Npc1-/-+curcumin and � denote somparison vs. untreated Npc1-/-. 

UDCA induced weight loss was evident from 5 weeks of age compared to curcumin 

treated mice (p=0.049). By 8 weeks the addition of either NB-DGJ on its own or 
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at 9 weeks (p=0.0001 and 0.0006, respectively). Also NB-DGJ treatment on its own 

produced a better effect on weight loss profile of Npc1-/- mice at this point 

compared to UDCA treatment (p=0.006). By 10 weeks, UDCA treated group weight 

loss was more profound compared to the other treatment groups. The addition of 

curcumin resulted in a slight improvement, although neither compound significantly 
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combination vs. UDCA and curcumin, respectively), however, the greatest effects 

were seen with the addition of NB-DGJ (for UDCA; p<0.00001 vs. NB-DGJ alone, 

UDCA with NB-DGJ and triple combination, p=0.016 vs. curcumin and for UDCA 

with curcumin; p=0.015, 0.004, 0.001 vs. NB-DGJ alone, UDCA with NB-DGJ and 

triple combination).  

The triple combination and UDCA with NB-DGJ treatments started to show 

significant difference compared to untreated control at this point (p=0.009 and 

0.032, respectively). By 12 weeks, with the UDCA treatment being not associated 

with increased survival beyond around 10 weeks, the weight loss of the curcuimn 

group became more evident especially compared to the triple combination and NB-

DGJ groups (p=0.030 and 0.031, respectively). For all the groups surviving past 12 

weeks, the differences in weight loss were similar; notable they were all on NB-

DGJ, which so far seems to have mediated the most profound effect on weight loss 

of Npc1-/- mice.  

Similar effects on rearing activity were seen (Figure 3.27), except that UDCA 

treatment on its own resulted in a significant increase in rearing activity starting 

from 7 weeks and sustained up until 14-15 weeks (for rearing) and 13-14 weeks (for 

centre rearing) for UDCA combination therapies.  
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Rearing activity (Figure 3.27 A) of mice on the triple combination therapy starting 

from 8 weeks was significantly higher than the untreated controls (p=0.009), UDCA 

group (p=0.010), curcumin group (p=0.003) and UDCA with curcumin group 

(p=0.003) but similar levels were seen in the other NB-DGJ containing therapy 

groups.  

By 9 weeks, the UDCA group became more active and the rearing activity was 

similar to that of the triple combination group (p=0.989) and the NB-DGJ group 

started to show a significant deterioration compared to the triple combination group 

(p=0.006). UDCA started to show an improvement starting from 9 weeks with 

marked increase in rearing activity compared to the untreated controls (p=0.0001), 

NB-DGJ (p=0.0199), curcumin treated group (p=0.0002) as well as the UDCA with 

curcumin group (p=0.0009). At this stage of the disease, the combination of UDCA 

and NB-DGJ had a positive effect with rearing activity significantly higher than the 

controls (p=0.038).  

By 10 weeks only the triple combination group and the UDCA group sustained this 

functional improvement over the untreated and the other single treatment groups 

(p=0.003, 0.003 and 0.041 for the triple combination vs. control, curcumin and NB-

DGJ groups and p<0.0001, for UDCA vs. control and curcumin groups and 

p=0.0005 for UDCA vs. NB-DGJ group). These two treatments were also superior 

to the curcumin and UDCA combination treatment  (p=0.041 and 0.0005 for the 

triple combination and UDCA, respectively).  

By 11 weeks, the combination of UDCA and NB-DGJ survived longer than the 

UDCA group and showed significantly higher rearing count only in comparison to 

the control untreated group (p=0.046). From 12 weeks, although the triple 
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combination and UDCA with NB-DGJ treated mice were still alive and sustained 

rearing activity, the differences were not statistically significant. 

The differences in centre rearing capacity of treated mice started from 7 weeks with 

the UDCA and NB-DGJ combination treated mice having significantly higher count 

compared to the curcumin group (p=0.037) (Figure 3.27 B).  

At 9 weeks, similar effect consistent to the rearing activity was observed, the tripple 

combination and UDCA groups had a marked increase in the centre rearing activity 

over the untreated controls, (p=0.001 and 0.013, respectively), curcumin treated 

group (p=0.001 and 0.011, respectively) and UDCA with curucmin (0.001 and 

0.012, respectively). The triple combination was also superior to NB-DGJ on its 

own at this stage (p=0.040).  

At 10 weeks, only the UDCA treated mice had a significantly higher centre rearing 

count compared to all the other groups (p<0.0001) and p=0.0001 vs. the triple 

combination group. Although the triple combination and the UDCA with NB-DGJ 

groups sustained the ability to centre rear after 10 weeks, the differences were not 

significant and all treated mice completely lost their rearing capacity by 15 weeks. 

Fine tremor amplitude of mice treated with either high dose curcumin or NB-DGJ in 

combination with UDCA and the triple combination was significantly lower than 

UDCA alone at 8 and 9 weeks of age (p=0.039, 0.025 and 0.021 and p=0.0002, 

0.025 and 0.001, respectively) (Figure 3.28 and Figure 3.29).  
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Figure 3.28. Effect of test compound on fine tremor of Npc1-/- mice. Tremor amplitudes 
quantified as averaged fine tremor amplitude (over the range 31-51 Hz). Data presented as 
mean ± SEM. *p<0.05, **p<0.01 and ***p<0.001, calculated using one-way ANOVA with 
Tukey’s post hoc test (n=7). 
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Figure 3.29. Effect of test compound on tremor of Npc1-/- mice. Data presented as mean 
tremor amplitude between 0 and 55 Hz (n=7). 
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At 10 weeks, only groups on NB-DGJ combinations had a lower fine tremor 

compared to UDCA alone (p=0.043 and 0.010 vs. NB-DGJ with UDCA and triple 

combination, respectively). By 11 weeks, high curcumin dose with UDCA group 

had higher fine tremor amplitude compared to UDCA with NB-DGJ group 

(p=0.013), to the NB-DGJ group alone (p=0.035) and to the triple combination 

group (p=0.003).  

The effect of UDCA treatment on tremor appeared at 12 weeks, where mice treated 

with UDCA combined with NB-DGJ alone or with high dose curcumin had 

significantly lower tremor amplitude compared to untreated controls (p=0.030 and 

0.028). While by 13 weeks, UDCA with curcumin, UDCA with NB-DGJ and NB-

DGJ alone were successful in reducing fine tremor amplitude in Npc1-/- mice as well 

as the triple combination therapy, compared to untreated controls (p=0.002, 0.0001, 

0.001 and 0.0003).  

Although the lack of efficacy of NB-DGJ alone in preventing tremor has been 

previously reported in other LSD models using both imino sugars (106, 216). We 

have seen a positive effect at later at 13 weeks as well as a significant additive effect 

seen with the addition of UDCA. 

UDCA treatment induced protection from acute ibuprofen toxicity (Figure 3.30), 

although UDCA treatment on its own was associated with weight loss compared to 

untreated controls (p=0.025 and 0.013, at day 6 and 7, respectively), its addition 

prevented weight loss caused by the high dose ibuprofen starting from day 4 

(p=0.042 and 0.035 and p<0.0001 for ibuprofen with UDCA vs. ibuprofen alone 

and ibuprofen vs. untreated controls at day 4 and 7, respectively). 
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Figure 3.30. Acute effect of UDCA on ibuprofen toxicity in Npc1-/- mice. Data 
presented as mean (percent of initial body weight) ± SEM. *p<0.05, **p<0.01 
***p<0.001 and ****p<0.0001, calculated using two-way ANOVA with Tukey’s 
post hoc test (n=5). * denotes comparison vs. untreated controls, � denotes 
comparison vs. UDCA group and # denotes comparison vs. ibuprofen+UDCA 
group. 
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3.4. Discussion 

Motor function tests assess the spontaneous activity of the mouse as it is a measure 

of locomotor function, strength, motivation, coordination, exploration and anxiety 

(217). It is a sensitive way of detecting functional deterioration, loss of strength and 

coordination (217). Rearing is a normal exploratory activity that requires strength, 

coordination and motivation to explore the environment. Centre rearing requires 

more strength and coordination than rearing with support and thus the ability to 

centre rear tends to get lost earlier in the course of the disease. With the relatively 

short life span of the Npc1-/- mouse, it is essential to take advantage of the available 

behavioural tests, developed and optimised to reflect functional changes with 

disease progression and to pick up any changes or improvement in response to 

treatment. 

Tremor is a clinical feature of Npc1-/- mice (82) that is also present in the feline 

model (45) and patients (218). It is measurable using and automated commercial 

device, which records tremor amplitude over the range 0-64 Hz. Npc1-/- mice exhibit 

a characteristic tremor over two power ranges, low frequency tremor (5-30 Hz) that 

is normally associated with grooming activity and a fine high frequency tremor (31-

51 Hz). Compared to wild-type mice, which have much lower tremor amplitude 

over the whole range with minimum variations, Npc1-/- mice present with a 

progressively higher tremor amplitude with considerable variation between different 

animals, a phenotype that was responsive to various treatments (92). Increased 

tremor is an established sign of drug toxicity (219, 220). 

Multiple anti-inflammatory approaches have been assessed in Npc1-/- mice (92, 221) 

due to the major inflammatory component of NPC disease. The use of the NSAID 

ibuprofen in Npc1-/- mice alone and in combination with miglustat has produced a 
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significant additive effect significantly extending their life span and slowed down 

disease progression with marked improvement and reduction of inflammatory 

markers in the CNS (92). Ibuprofen is a cyclooxygenase inhibitor suppressing the 

production of pro-inflammatory prostaglandins (222). The outcome of these trials 

therefore encouraged investigating other anti-inflammatory therapies in NPC1 

disease. 

Since its discovery and marketing in 1978, vinpocetin (Cavinton) has been known 

for its use in cerebrovascular disorders and cognitive impairment (223). It acts as a 

vasodilator to enhance blood flow in the brain (224) and stimulates oxygen and 

glucose cerebral uptake from blood enhancing ATP production in neurons (225). It 

mediates these effects via multiple cellular targets including Ca2+/calmodulin-

stimulated cyclical nucleotide phosphodiesterase-1 (PDE-1) and voltage-dependent 

Na+ channels and Ca2+ channels (226).  

Vinpocetine’s anti-inflammatory properties were suggested from PDE inhibitory 

effect, which in turn is known to regulate inflammation through regulation of cyclic 

adenosine monophosphate (cAMP) and/or cyclic guanosine monophosphate 

(cGMP). Vinpocetine has been shown to exert its anti-inflammatory effect via NF-

κB inhibition in vitro and in vivo through IKK direct inhibition rather than PDE 

(Figure 3.31) (208). Vinpocetine inhibits TNF–mediated NF-κB activation and 

proinflammatory mediators in many cell lines, as well as monocyte adhesion and 

chemotaxis. In vivo results using a mouse model of TNF- or LPS-induced lung 

inflammation, vinpocetine inhibits the induced up-regulation of the 

proinflammatory cytokines TNF and IL-1β and reduces interstitial 

polymorphonuclear leukocytes infiltration (208). 
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Although vinpocetine has not been reported to be associated, at its therapeutic 

doses, with adverse effects or toxicity (227), we have seen worsening of the tremor 

phenotype of treated mice, especially at the higher dose. This could be potentially 

attributed to it pharmacokinetics undergoing liver metabolism, since reducing the 

dose resulted in a significant increase in survival rate of treated mice. 

The utilisation of both anti-inflammatory and cognitive improving effects of 

vinpocetine was suggested in neurodegenerative disease. The cognitive 

improvement effect in NPC disease needs to be addressed in the future and 

combined with bile acid treatment to try and minimise toxicity to allow higher dose 

treatment. Provided dose optimisation and possibly combination with miglustat, this 

compound might be a good candidate for a therapeutic intervention in NPC disease. 

Figure 3.31. Schematic model of the mechanism of the anti-inflammatory action of 
vinpocetine via inhibition of NFκB mediated inflammatory response. Vinpocetine 
inhibits NFκB phosphorylation by IKK and thus prevents subsequent activation of NFκB. 
Inactive NFκB cannot be therefore transported to the nucleus where it induces expression of 
pro-inflammatory molecules such as cytokines and interleukins (Adapted from (228)). 

The improved neurological function of Npc1-/- mice in response to TNF-targeting 

biologics could be explained by direct anti-inflammatory effect in the periphery. 

The status of the blood-brain barrier in the Npc1-/- mice has not been assessed. 

However, we believe it may not be intact at late stage disease. These biologics do 

 
The figure originally presented here cannot be made freely available via ORA 

because of ‘copyright’.



Chapter 3. Behavioural Evaluation of Therapeutic Agents in NPC1 Disease 

 139 

not normally cross the blood-brain barrier but if the integrity is compromised, then a 

beneficiary effect reducing neuroinflammation could explains some of the 

improvements seen. The BBB is permeable in mouse models of other LSDs e.g. 

Sandhoff disease and neuronal ceroid lipofuscinoses (229). 

Due to the nature of these biologics being either fully or partially humanised, they 

may elicit an immune response in the CNS that could have potentially further 

worsened the tremor phenotype without affecting motor function and coordination. 

Similarly, patients develop an antibody response towards those biologics with 

murine protein elements retained (not fully humanised) (230). 

The differential responses we observed to the various biologics cold be explained by 

their mechanism of action, structure, pharmacokinetics and other factors. For 

instance, the two monoclonal antibodies (Humira and Remicade) bind two TNF 

molecules whereas Enbrel (TNF receptor fusion protein) only binds one TNF 

molecule (231). Furthermore, Enbrel has the ability to bind and neutralise both TNF 

and lymphotoxin-α (previously known as TNFβ), possibly making it less effective 

at neutralising TNF under conditions of elevated lymphotoxin-α (231). Anti-TNF 

biologics also have differential properties in terms of their affinity and binding 

capacities monomers vs. trimmers of TNF, so that unlike Humira and Remicade, 

Enbrel is only capable of binding TNF monomers (231). On the other hand, both 

Humira and Remicade have a relatively long plasma half-lives compared to Enbrel 

(232). However, Enbrel has shown to have higher binding capacity (232). The 

differences in the plasma half-life could explain the differential responses to these 

treatments in the Npc1-/- mice, especially in terms of rearing activity. 
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The differential response is also recognised in patients, the various biologics are 

preferably prescribed for different conditions of variable severity and patient often 

become refractory to one therapy and switch to a different product to regain efficacy 

(210). 

The use of TNF-targeting biologics has the advantage over some small molecule 

therapies (NSAIDs and TNF inhibitors such as the xanthine derivative 

pentoxifylline (233)) of not being metabolised by the liver or the cytochrome P450 

enzymes in particular (234, 235), therefore not adding extra burden on the liver or 

being associated with prolonged exposure. This would also make TNF-targeting 

biologics good candidates as an adjunctive therapy. However, small molecule anti-

inflammatory drugs have the advantage of their ability to cross the blood-brain 

barrier and penetrating into other tissues, unlike these fusion proteins/antibodies. 

They are also much cheaper than the biologics. However, due to the possibility that 

blood-brain barrier integrity might be compromised at late stage Npc1-/- mice, this 

might not be an issue. In addition, TNF overproduction might contribute to the 

increased blood-brain barrier permeability (236).  

Further optimisation of the dosing and potentially combination of these biologics 

with other therapies for example miglustat should be considered for future studies. 

Also, the increased risk of opportunistic infections associated with TNF-targeting 

biologics should be carefully considered (237), particularly that NPC1 patients have 

defective bacterial handling (Holm Uhlig, unpublished, personal communication).  

Curcumin possesses anti-inflammatory effects via inhibition of TNF transcription 

and signalling (238). It also has antiproliferative and antioxidant effects with 

neuroprotective properties mediated by different mechanisms including anti-



Chapter 3. Behavioural Evaluation of Therapeutic Agents in NPC1 Disease 

 141 

protein-aggregate activities (239). These actions would therefore suggest other 

mechanisms by which curcumin would exert a beneficial effect in NPC1 disease. 

Curcumin is a weak SERCA antagonist that although did not correct acidic store 

calcium levels, was successful in elevating cytosolic calcium compensating for the 

defective release form the acidic compartment. In vitro data also showed significant 

correction of NPC phenotypes in NPC deficient cells. In vivo study using the 150 

mg/kg curcumin as a dry admix (powder) in Npc1-/- mice also showed marked 

improvement in survival rate, weight loss profile and motor function. These effects 

were accompanied by reduction in brain GSL storage (37).  

Oral bioavailability of curcumin and therefore optimal dosing and delivery has been 

an issue possibly caused by its instability at neutral pH, increased auto-oxidation 

and metabolism with low intestinal permeation and bioavailability. These factors 

also make it difficult to attribute all its heterogeneous effects purely to the parent 

compound (240). 

Three curcumin diets were assessed in Npc1-/- mice: 2% curcumin (99% pure 

curcumin, 3500 mg/kg), 0.17% curcumin (85% pure curcumin, 298 mg/kg), 

lipidated curcumin (0.05%curcumin, 88 mg/kg, at 20% in a stearic 

acid/phosphatidyl choline mix). Although bioavailability was enhanced upon 

consumption of the lipidated formula, none of these 3 dosages and formulations was 

successful in replicating the previous findings (113). The differences between the 

different studies probably lie in the dosage and purity of the curcumin used. We 

have seen less efficacy with a 300 mg/kg dose. It suggests toxic effect of the high 

dose possibly mediated by inefficient clearance as it is a known CYP450 inhibitor. 

Orally administered curcumin undergoes conjugation (glucuronidation and 
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sulphation), where as i.v. or i.p. administration results in  the formation of curcumin 

reduction products in the liver and intestine (239, 241). Since all curcumin 

metabolites are not biologically active (242) and to overcome curcumin’s low 

bioavailability, multiple approaches have been considered such as interference with 

glucuronidation (for instance using piperine (243)), the use of liposomal, 

nanoparticle and phospholipid complex formulations of curcumin and curcumin 

analogues (239). 

Multiple studies have shown inhibition of the cytochrome P450 system by curcumin 

(200, 244, 245). While its effect on phase II GST enzyme seems to be dose-

dependent with high dose being inhibitory (246-248). This could potentially have 

implications on administering curcumin with other liver metabolised compounds. 

CNB 001 is a synthetic pyrazole derivative of curcumin (curcumin conjugated with 

cyclohexyl bisphenol A) that possesses neuroprotective effects of the two classes of 

compounds and is more stable than curcumin would be of potential interest to 

evaluate it the Npc1-/- mice (249-252).  

The pelleted chow has been shown to be consumed more efficiently (206) and thus 

incorporating the test compound into this “formulation” insures maximal dosage 

(delivery/peak levels). Additionally, it has been reported that feeding mice on soft 

diet (powdered) after weaning has a negative effect on some of features of their 

neurological development, such as reducing synaptic formation in the cerebral 

cortex in addition to negatively influencing some cognitive skills such spatial 

learning in in the adult mice (253). This has been linked to reduced expression of 

BDNF in the hippocampus and cerebral cortex, the levels of which are have been 

found to highly correlate with the mastication activity during development. BDNF 
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in a main promoter of synaptic formation among other roles (254). The rate of 

neurogenesis has also been shown to be reduced in soft-diet fed weaning mice 

compared to their hard-fed littermates, this happens as a result of slower precursor 

cell proliferation in the hippocampus (255). 

Formulation of diet into pellets is also thought to be associated with higher 

consumption and increased appetite compared to powdered diet (206) insuring 

better delivery of the therapeutic compound administered via this route. 

The effect of genetic drifts in mouse colony on biomedical research (256, 257) in 

general and therapeutic trials in model of neurodegenerative diseases (258) is well 

established. Another factor related to the old colony that could have contributed to 

the discrepancy in the curcumin results, is the two infections occurred within the 

colony and their nature.  

Helicobacter hepaticus, which results in liver disease and altered liver detoxifying 

capacity, (259) and Pasteurella pneumotropica, which is only of clinical 

significance in immunocompromised animals (260). The immunological status in 

response to either infection is known to be also altered (261, 262). 

Inflammation (263) as well as infection (196) are factors that affect host 

susceptibility to xenobiotics and therefore affects their response to administered 

drugs. Similarly, environmental factors are equally as important in determining host 

detoxifying capacity and drug pharmacokinetics (264, 265), further contributing to 

the differential response to the high dose curcuimin we observed in the two 

colonies. These factors could explain the differences seen in response to the high 

curcumin doses between the two colonies. 
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UDCA although not a natural mouse BA, is less toxic than cholic acid and 

chenocholic acid (266), is known to induce CYP450 enzymes (267), its effect is not 

gender biased (268) and readily translatable into the clinic since it is FDA-approved 

for primary biliary cirrhosis (269). Indeed, NPC patients with cholestatic jaundice 

are transiently administered UDCA until their liver disease resolves. It may be 

argued that UDCA should be administered throughout the clinical course of NPC 

disease based on the findings in this chapter and Chapter 2. 

The mechanism for the therapeutic effect of UDCA in liver disease is not fully 

known, however, multiple different mechanisms were proposed to contribute to 

protection from cholestatic liver disease including protection of both cholangiocytes 

and hepatocytes against toxic hydrophobic BAs ad BA induced apoptosis 

respectively as well as enhancing hepatobiliary secretion (269). UDCA protective 

effect on cholangiocytes is thought to be mediated through Ca2+ and PKCα 

pathways, affecting PKC redistribution between cytosol and plasma membrane 

increasing PKCα translocation to the membrane and increasing the membrane 

bound fraction (270). TUDCA stimulates both upregulation of PKCα and enhanced 

membrane translocation in a rat model of liver ischemia-reperfusion injury (271). 

PKCα upregulation should correct NPC cells, as sphingosine storage in NPC cells 

leads to reduction in the activity of PKCα (4, 130, 272). Upregulation of canalicular 

transporter proteins in UDCA fed mice has been reported but the effect is not 

specific for UDCA (273).  

Multiple hepatic bile uptake (Ntcp and OatP2 and 4) and excretion transporters 

(conjugate export pumps Mrp1, 2, 3, 5 and bile salt export pump Bsep) were shown 

to be upregulated in Npc1-/- mice at baseline, while expression of Mrp excretory 

transporters was further enhanced upon high fat diet consumption the opposite 
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effect was seen with suppression of the expression of Ntcp, Bsep and OatP (274). 

Although the mechanism of these altered expression patterns under both conditions 

is not clear, this might have contributed to the altered BA composition and 

homeostasis in these mice suggesting a potential beneficial effect of BA 

supplementation in NPC1 disease. 

The taurine conjugate of UDCA has shown to induce an elevation of cytosolic 

calcium in isolated rat liver in vitro in normal but not cholestatic cells supplemented 

with high extracellular calcium concentration (275), therefore, inducing hepatocyte 

exocytosis and membrane targeting and insertion of BA export transporters (269). 

UDCA may also play a role in elevating cytosolic calcium in NPC1 cells, similar to 

curcumin’s action. Another mechanism partially responsible for mediating these 

effects is the activation of p38MAPK and of Erk-2 (276). Further evaluation of 

other BA supplementations with optimised dosing could add to our knowledge 

about this aspect of the disease. 

The galactose analogue of miglustat, NB-DGJ, similarly inhibits the ceramide-

specific glucosyltransferase which catalyses the first step in the GSL biosynthetic 

pathway (203, 214). As small molecule therapies, they have the advantage of 

crossing the blood-brain barrier, alleviating the central neurological symptoms 

(277). NB-DGJ is therefore a useful therapeutic approach whether on its own or in 

combination with other treatments. 

Both imino sugars were tested in the mouse model of NPC1 disease with significant 

extension of the life span of treated mice, slowing disease progression (82). NB-

DNJ therapy in the feline model of the disease was also associated with marked 

improvement (82). Moreover, the galactose analogue has the advantage of a better 
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side effect profile compared to NB-DNJ being a more selective inhibitor that does 

not cause weight loss or inhibits glycogen metabolism or disaccharidases (107). 

Intestinal disaccharidase inhibition could be the cause of the reported adverse 

effects observed in association with the high oral dose of miglustat, mainly GI 

manifestations (diarrhoea, weight loss and abdominal pain) (83, 278).  

Many studies of therapeutic agents have used combination therapies with NB-DNJ 

(87, 92, 279). Combination of the various compounds, which target different steps 

in the pathological cascade should also be tested and may produce a more 

significant improvement (92). In this chapter several new candidates have been 

identified that merit further investigation with a view to clinical translation.  
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4.1. Introduction 

Cogane (PYM50028) and Myogane (PYM50018) (Smilagenin and Sarsasapogenin, 

the lead compounds of Phytopharm, Figure 4.1) are small molecule compounds of 

the sapogenin family (the non-saccharide component of the natural products 

saponins). They occur naturally in a number of plants, such as Asparagus and 

Anemarrhena (280, 281), commonly used herbs for  chronic neurological diseases 

in Chinese medicine (282).  They are structurally related and orally bioavailable 

inducers of neurotrophic factors (glial cell-derived neurotrophic factor "GDNF" and 

brain derived neurotrophic factor "BDNF") capable of crossing the blood brain 

barrier (283). Their neuroprotective and neurotrophic effects make them of potential 

use for slowing neurodegeneration in common and orphan diseases. They have been 

suggested to be of therapeutic benefit in a range of neurodegenerative diseases 

(281).  

 

 

Figure 4.1. The structure of the compound PYM50028 (Cogane) (A) and cholesterol 
(B), Myogane is the (25S)-configuration epimer of Cogane. 
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Cogane and Myogane have undergone Phase I toxicology studies where they have 

shown good bioavailability and a good safety profile (284).  

Efficacy in preclinical models of cognitive impairment (for example Cogane 

reversed cognitive deterioration in aged rats assessed using the Y-maze test and 

reversed neuronal loss in the chemically induced mouse model of Parkinson’s 

disease (281, 283)) suggests a positive effect of these compounds in treating both 

motor and non-motor symptoms of neurodegenerative diseases such as Alzheimer’s 

disease, ALS and Parkinson’s disease. Cogane and Myogane efficacy in preclinical 

models of cognitive impairments also suggests a potential benefit in delaying 

disease progression in early-diagnosed cases.  

Cogane has Orphan Drug status by the European Commission and by the US Food 

& Drug Administration for the treatment of ALS (http:// www.phytopharm.co.uk). 

All information relevant to Cogane and Myogane trials were available from the 

company’s web site (unless other references added) and is summarised in Table 4.1. 
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Compoun

d	

Study	 Disease	 Outcome	

Myogane	 Preclinical	 Glaucoma	 • Neuroprotective	and	neurorestorative	effect	
on	retinal	ganglion	cells.	

• Tested	in	in	vivo	models	of	glaucoma.	
Cogane		

and	

Myogane	

Preclinical

(285-287)	

Alzheimer’s	 • A	protective	effect	in	vitro	against	neuronal	
damage	caused	by	glutamate	and	β-amyloid,	

increased	neurite	outgrowth	and	increased	

muscarinic	receptors	density	both	in	vitro	and	
in	vivo.	

• Improved	cognition	in	preclinical	models.	
Cogane	 Phase	I	 Alzheimer’s	 • Good	safety	and	tolerability	profile.	

Cogane	 Preclinical		 ALS	 • Preliminary	in	vivo	and	in	vitro	results	have	
shown	positive	effect.		

• Both	neuroprotective	and	anti-inflammatory	
effects	in	a	toxin-induced	model	of	ALS.	

• Also	tested	in	genetic	model	of	ALS.	
Cogane	 Preclinical	 Parkinson’s	 • Significant	improvement	of	parkinsonian	

disability	and	symptoms	in	the	MPTP	model.		

• Administration	in	conjunction	with	L-DOPA	
resulted	in	additional	improvement	compared	

to	L-DOPA	alone	as	well	as	reducing	the	side	

effects	of	L-DOPA.		

• Restored	the	levels	of	neurotrophic	factors	
and	restored	damaged	dopaminergic	neurons	

in	vitro.		
Cogane	 Phase	I	 Parkinson’s	 • Daily	oral	administration	for	12	weeks	in	

healthy	and	Parkinson’s	adults	with	a	follow	

up	for	up	to	28	days	(4	studies).	

• Good	safety	and	tolerability	profile.		
• Phase	Ib	study	with	optimum	plasma	levels	
(comparable	to	levels	associated	with	positive	

outcome	in	preclinical	trials)	achieved	at	day	

28	in	Parkinson’s	patients.		

Cogane	 Phase	II	 Parkinson’s	 • Recently	been	evaluated	in	a	400-patient	
multi-national,	randomised,	double-blinded,	

placebo-controlled,	dose-ranging	study.		

• Compared	safety,	tolerability	and	efficacy	of	
three	doses	(60,	120	or	180	mg)	administered	

for	28	weeks	to	untreated	patients	with	early	

stage	Parkinson's	disease.		

• Showed	no	efficacy	based	on	primary	end	
point	(change	in	the	combined	UPDRS	II/III	

score,	a	measure	of	activities	and	motor	

symptoms)	as	well	as	other	secondary	

endpoints.	

Table 4.1. Summary of preclinical and clinical studies of Cogane and Myogane in 
neurodegenerative diseases (http:// www.phytopharm.co.uk). 

Neurotrophic factors (GDNF and BDNF) are proteins that are synthesised and 

secreted in the striatum of the brain among other sites (288).  They are known to 

play a role in neuronal regeneration (289). As these neurotrophic factors are 

The table originally presented here cannot be made freely available via ORA 
because of ‘copyright’.
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proteins they cannot be administered orally and do not cross the blood-brain barrier 

(290). Parenteral administration of GDNF and BDNF directly into the brain has 

shown significant clinical improvement in Parkinson’s disease, however, it required 

very invasive administration (291). Whereas the use of Cogane or Myogane, which 

are orally bioavailable, administered once daily produce similar effect inducing the 

release of GDNF and BDNF in the brain (282). 

As plant extracts identified as the active components of traditional Chinese 

medicinal herbs for age-related memory impairment, these compounds have been 

studied in aged animals and shown to improve memory, not through cholinesterase 

inhibition or glutamate receptor antagonism but the effect correlated with elevated 

density of muscarinic receptors (reduced in aged rat brain and transfected CHO 

cells) (286, 287, 292). 

Whilst other sapogenins undergo Phase I drug metabolism in mice by hepatic 

microsomal cytochrome P450 (predominantly CYP3A4) and Phase II conjugation 

by UGT (293), in the sheep, smilagenin and sarsasapogenin have been shown to 

undergo glucoronidation in the liver (294). Other classes of sapogenins are also 

known to inhibit the activity of cytochrome P450 in vitro (295) which could 

influence the efficacy of these compounds in Npc1-/- mice. 

Since NPC disease shares common neuropathological features with more common 

neurodegenerative disorders (150, 296, 297), we aimed to evaluate the potential 

neuroprotective effects of Cogane and Myogane as they cross the blood-brain 

barrier and have shown efficacy in animal models of other neurodegenerative 

disorders. 
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4.2. Methods 

4.2.1. Test compounds  

Cogane (PYM50028, 5β, 20α, 22α, 25R-spirostan-3β-ol) and Myogane 

(PYM50018, 5β, 20α, 22α, 25S-spirostan-3β-ol), (molecular weight 416.64) were 

provided by Phytopharm Plc. (Godmanchester, UK). 

4.2.2. Cells 

Since these compounds have not been tested in vitro in the context of NPC disease, 

they were initially assessed in vitro both in healthy and NPC1 deficient cells. RAW 

264.7 (murine leukaemic macrophage cell line) cells were grown in Dulbecco’s 

modified Eagle’s medium (Sigma-Aldrich, Poole, UK) while NPC1-mutant CHO 

(Chinese hamster ovary) cells (NPC1 null, they are mutant CHO K1 cells with 

deleted NPC1 locus) (CT43, CHO M12) were grown in Ham's F-12/DMEM. All 

media were supplemented with 10% foetal bovine serum (Bio Sera, Ringmer, East 

Sussex, UK), 1% penicillin-streptomycin (Lonza Biologics, Sough, UK) and 1% L-

glutamine (GIBCO Invitrogen, Paisley, UK). Cells were maintained at 37°C, 5% 

CO2 and 100% relative humidity.  

The required amounts of PYM50028 and PYM50018 were dissolved in dimethyl 

sulphoxide (DMSO; final concentration was 0.25% in all conditions). Cells were 

treated with two different concentrations of each compound; 1 and 5 µM for either 5 

and 10 days or 5 and 20 days.  

For a positive control (that induces NPC phenotype), RAW 264.7 cells were treated 

with U18666A (Merck, Poole, Dorset, UK), at a concentration of 2 µg/mL. 

Untreated control cells were included as a negative control. 
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 4.2.2.1. Filipin Staining 

Cells grown on glass coverslips were washed with PBS and fixed with 4% PFA for 

30 minutes, quenched with complete medium for 15 minutes, washed with PBS and 

stained (incubated) with 25 mg/mL (final concentration is 187.5 µg/mL) of filipin 

(F9765, Sigma-Aldrich, Dorset, Poole, UK) for 30 minutes at room temperature. 

Coverslips were then mounted on glass slides using Mowiol, allowed to dry 

overnight. 

 4.2.2.2. Microscopy 

Cells were imaged by fluorescence microscopy (Carl Zeiss fluorescence 

microscope), equipped with a QIMAGE camera (Empix Imaging Inc., Canada). 

 4.2.2.3. GSL analysis 

Treated RAW 246.7 cells where harvested following 5 and 10 days treatment with 

both test compounds at 2 concentrations (1 and 5 µM). Harvested cells were re-

suspended in mQH2O and homogenised by 3 freeze-thaw cycles. The cell lysates 

were used for GSL extraction, purification and analysis as previously described 

(298). A bicinchoninic acid protein assay (BCA, Sigma) was performed in 

accordance with the manufacturer’s instructions for the determination of the protein 

concentration in the cell lysates. 

4.2.2.3.1. Svennerholm GSL extraction  

Cell lysates were extracted at room temperature in 4 parts chloroform: methanol 

(1:2, v/v) for 3 hours. Samples were then centrifuged 3,000 rpm for 10 minutes. 1 

part PBS and 1 part chloroform were added and spun at 1,000 x g for 5 min at room 

temperature. The lower phase was dried under nitrogen, resuspended in 50 µL 

chloroform: methanol (1:3, v/v), combined with the upper phase and applied to 

Isolute C18-EC columns (International Sorbent Technology, Mid Glamorgan, UK 
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Biotage) for further purification of GSLs and to remove any free oligosaccharides. 

The columns were pre-equilibrated 4 times with 1 mL methanol and twice with 1 

mL water, after loading the samples, the columns were washed 3 times with 1 mL 

water and total GSL were then eluted by 0.5 mL chloroform: methanol (98:2, v/v), 2 

x 0.5 mL chloroform: methanol (1:3, v/v) and 0.5 mL methanol. 

4.2.2.3.2. Ceramide glycanase (CG) digestion 

Samples were dried under nitrogen, re-suspended in 50 µL chloroform: methanol 

(2:1, v/v) and dried again under nitrogen. Samples were then resuspended in 17.5 

µL CG buffer (50 mM sodium acetate pH 5.5 with 1 mg/mL sodium 

taurodeoxycholate), digested overnight at 37°C by adding 2.5 µL ceramide 

glycanase (CG, from Hirudo medicinalis, prepared in house).  

4.2.2.3.3. 2AA labelling 

Digested samples were made up to 30 µL with water and oligosaccharides were 

fluorescently labelled using 80 µL anthranilic acid (2AA) labelling mixture. The 

labelling mixture consisted of 2AA (30 mg/mL) and sodium cyanoborohydarate (45 

mg/mL) in labelling buffer (4% sodium acetate trihydrate and 2% boric acid in 

methanol). Samples were kept at 80°C for 45-60 minutes for labelling. 

After cooling to room temperature, samples were mixed with 1 mL acetonitrile: 

water (97: 3, v/v) and applied to Spe-ed SPE amide-2 columns (Applied 

Separations, Allentown, PA) columns pre-equilibrated with 1 mL acetonitrile, 2x1 

mL water and 2x1 mL acetonitrile. Columns were washed with 2x1 mL acetonitrile: 

water (95:5, v/v). 2AA labelled oligosaccharides were eluted with 2x 0.75 mL 

water. 30 µL of the eluent was mixed with 70 µL acetonitrile (30: 70, v/v, sample: 

acetonitrile) and 2AA labelled oligosaccharides were then separated by NP-HPLC. 
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4.2.2.3.4. NP-HPLC Quantitation 

The eluted 2AA labelled oligosaccharides were separated and quantified by normal 

phase high performance liquid chromatography (NP-HPLC) using TSK-amide 80 

4.6 mm x 250 mm column with in-line 2 µm filter (Sigma). Separations carried out 

at 30oC, using Waters Alliance 2695 separations module with Exλ 360 nm, Emλ 425 

nm, using Waters 2475 Fluorescence detector.  

Samples were injected 3:7 (milliQ water: acetonitrile, v/v) and sample injection 

volume was 50 µL. Solvent A was acetonitrile; solvent B was Milli-Q water and 

solvent C was 100 mM ammonium acetate hydroxide pH 3.85 with acetic acid. 

Gradient conditions are summarised in Table 4.2. 

Table 4.2. Gradient conditions for NP-HPLC 

Results were retrieved and processed using Empower software. A standard 2AA 

labelled glucose oligomer (from partial hydrolysis of dextran) was included to 

determine the glucose units (GU). Individual GSL species were identified by their 

GU values and quantified by comparison with a GSL standard mixture with known 

amount of GSLs. Results (pmol) were normalised to protein content. 

 4.2.2.4. Free cholesterol 

Treated RAW 246.7 cells where harvested following 5 and 10 days treatment with 

both test compounds at 2 concentrations (1 and 5 µM). Harvested cells were re-

suspended in PBS and homogenised by 3 freeze-thaw cycles. Free cholesterol levels 

Time	(minutes)	 0.0	 6.0	 35.0	 37.0	 39.0	 41.0	 42.0	 54.0	 60.0	 61.0	

Flow	(mL/min)	 0.8	 0.8	 0.8	 0.8	 0.8	 0.8	 1.2	 1.2	 0.8	 0.1	

Solvent	A,	%	 71.6	 71.6	 52.8	 23.0	 23.0	 71.6	 71.6	 71.6	 71.6	 71.6	

Solvent	B,	%	 8.4	 8.4	 27.2	 57.0	 57.0	 8.4	 8.4	 8.4	 8.4	 8.4	

Solvent	C,	%	 20.0	 20.0	 20.0	 20.0	 20.0	 20.0	 20.0	 20.0	 20.0	 20.0	
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of the cell lysates were determined using the Amplex® Red cholesterol assay kit 

(Invitrogen, Paisley, UK) following manufacture’s instructions. 

4.2.3. Mice 

Npc1−/− mice were generated, maintained and genotyped as described in Chapter 2. 

Npc1−/− mice at 3 weeks of age were fed with a diet of powdered chow (expanded 

Rat and Mouse Chow RM1, ground, SDS Ltd.) with or without the addition of 

Myogane (PYM50018) (Phytopharm Plc., Godmanchester, UK) according to 

published methods (105). Three doses were evaluated: 0.1 mg/kg/day (n=8) 1 

mg/kg/day (n=14) and 10 mg/kg/day (n=4) (a dose of 10 mg/kg p.o. for 60 days 

resulted in significant neuroprotective and neurorestorative effects in a mouse 

model of Parkinson’s disease where neuronal damage was induced by MPTP 

(283)). 

 4.2.3.1. Mouse behavioural analysis 

Mice were monitored for functional improvement starting from 4 weeks of age (one 

week after treatment started) and throughout their life span using behavioural tests 

as described in Chapter 3. 

 4.2.3.2. Immunohistochemistry (IHC) 

For immunohistochemistry; mice on the 10 mg/kg (n=3), 1 mg/kg (n=3) and 0.1 

mg/kg (n=3) At 8 weeks of age, Myogane treated mice were euthanised by CO2 

asphyxiation, perfused through the left cardiac ventricle with 4% PFA and brains 

were post-fixed (24 hours) then cryoprotected (30% sucrose). Cerebellar tissues 

were freeze-embedded for cryostat-sectioning and parasagittal floating sections 

(10 µm) at 1 in 10 intervals were collected in PBS with 0.25% Triton ×100. 
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Sections were incubated at room temperature overnight with the following primary 

antibodies: Rat anti-mouse CD68 (1:100, Serotec) and rabbit polyclonal anti-

calbindin D-28k (CB38, 1:3,000, SWANT). The primary antibodies were then 

detected using the following species-specific secondary antibodies incubated for 2-

hour at room temperature: Alex Fluor 488 Donkey anti-rat IgG (L+H) (1:500, A-

21208, Invitrogen) and DyLight 594 goat anti-rabbit IgG (L+H) (1:500, DI-1594, 

Vector Labs). 

 4.2.3.3. Image analysis 

Images were taken using a Zeiss AXIO Imager A1 fluorescence microscope 

connected to a Zeiss AxioCamHRc digital camera. For each field, images of the 

FITC channel and the PE channel were merged in Adobe Photoshop, then analysed 

using ImageJ (NIH). For the molecular layer (ML), the area (in mm2), and the 

number of CD68+ cells were measured. The total number of cells and total area was 

calculated for each animal, and the results were expressed as the total number of 

CD68+ cells per mm2 of ML. Each treatment group consisted of three separate 

animals (n=3). For Purkinje cell survival, sections were stained with an antibody 

against calbindin, a specific marker for Purkinje cells in the cerebellum. The 

number of Purkinje cells per mm of Purkinje cell layer was counted in multiple 

sections and the mean calculated (n=3 per treatment group). 

 4.2.3.4. Biochemistry 

For biochemistry, endstage mice (on the 1 mg/kg (n=5) and 0.1 mg/kg (n=5) 

Myogane) and age-matched control wild-type mice were killed by CO2 

asphyxiation, perfused through the left cardiac ventricle with PBS and whole brain, 

liver, spleen, lungs and kidneys were collected. 
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 4.2.3.5. GSL analysis 

Tissues (brain, liver, spleen, lungs and kidneys) were collected from the 1 mg/kg 

(n=5) and 0.1 mg/kg Myogane treated mice (n=5) at endstage and homogenised in 

milliQ water. Protein concentration was determined by the BCA assay as described. 

GSLs were extracted, separated, labelled and quantified as described in section 

4.2.2.3.  

 4.2.3.6. Free cholesterol 

Tissues (brain, liver, spleen, lungs and kidneys) were collected from the 1 mg/kg 

(n=5) and 0.1 mg/kg Myogane treated mice (n=5) at endstage and homogenised in 

milliQ water. Protein concentration was determined by the BCA assay as described. 

Free cholesterol levels of the endstage tissue homogenates were determined using 

the Amplex® Red cholesterol assay kit (Invitrogen, Paisley, UK) following 

manufacture’s instructions and as described in section 4.2.2.4. 

 4.2.3.7. Thin-layer chromatography (TLC) analysis of 
Galactosylceramide  

Glycolipids were extracted and purified from mouse brain homogenates as 

described in section 4.2.2.3. C18 purified glycolipids (corresponding to 100 µg 

protein) were dried under nitrogen, resuspended in chloroform: methanol 2:1 and 

spotted on a 20 cm x 20 cm TLC plate (HPTLC silica gel 60 plates, Merck). Lipids 

were separated on the TLC plate using a solvent system of chloroform: methanol: 

water, 160: 27: 3. GalCer standard (Galactocerebrosides from bovine brain, C4905, 

Sigma-Aldrich) was run alongside the samples. GalCer was detected by orcinol 

spray and the corresponding GalCer standard migration positions. GalCer levels 

were quantified with Image J software or ChemiDoc imaging system (BioRad). 
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4.2.4. Statistics 

Data are expressed as mean ± SEM. Survival curves were created and analysed by 

the method of Kaplan and Meier. Quantitative data were statistically evaluated 

using one-way ANOVA followed by either Dunnet’s or Tukey’s post hoc test using 

GraphPad Prism version 6.0c (GraphPad Software, San Diego, California, USA). 

Differences were considered statistically significant when p<0.05. 
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4.3. Results 

Initially, the two compounds (Cogane (PYM50028) and Myogane (PYM50018)) 

were tested in vitro at two concentrations (1 and 5 µM) and at two different time 

points (5 and 20, or 5 and 10 days) to rule out any potential negative effect on 

NPC1 function in healthy cells due to their structural resemblance to cholesterol. 

This is because certain amphiphiles of structural similarity to cholesterol are known 

inducers of NPC-like phenotypes (e.g. U18666A and progesterone) (36, 299). RAW 

cells were treated with these compounds for 5 and 20 days and filipin staining 

(intracellular free cholesterol probe) for free cholesterol did not show any 

significant increase in intracellular cholesterol levels compared to untreated cells 

and positive control treated with U18666A (Figure 4.2).  

Figure 4.2. Visualisation of cholesterol with filipin. Scale bar 20 µm for the top panel and 
2.5 µm for the bottom panel. 
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To confirm the absence of any inhibitory effect of these compounds on 

NPC1/NPC2, biochemical quantitation of intracellular free cholesterol (Figure 4.3 

A) and GSL levels (Figure 4.3 B) following 5 and 10 day treatment with 1 and 5 

µM of both compounds was also performed and there were no differences in the 

lipid levels compared to untreated cells, consistent with the in vitro filipin staining.  

Figure 4.3. Effect of test compounds (Myogane and Cogane) at 1 and 5 µM on (A) free 
cholesterol concentration and (B) GSL concentration following treatment of RAW 
264.7 cells for the indicated time points. Data presented as mean ± SEM, n=3. **p<0.01, 
***p<0.001 and ****p< 0.0001, calculated using one-way ANOVA with Dunnett's post 
hoc test. Positive control is U18666A to inhibit the NPC pathway. 

Both free cholesterol and GSL levels were significantly lower in both treatment 

groups in either concentration and both time points compared to U18666A treated 
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U18666A and p=0.0003 and 0.0002 for Cogane 1 µM and 5 µM vs. U18666A, 

while for GSL p<0.0001 at 5 and 10 days for Myogane 1 µM and 5 µM and Cogane 

1 µM and 5 µM vs. U18666A), suggesting no negative effect of Cogane and 

Myogane on NPC pathway in normal cells. 

Myogane then progressed to in vivo evaluation of efficacy in Npc1-/- mice. Myogane 

was selected as Cogane at that time was in clinical trials and Phytopharm did not 

want investigational uses of the drug to be running during the clinical trial. 

Myogane was administered orally from weaning at doses of 0.1, 1 and 10 

mg/kg/day. Treatment with Myogane at the three different doses was not associated 

with an increase in survival (p=0.997, 0.992 and 0.765 for 0.1, 1 and 10 mg/kg vs. 

untreated controls) (Figure 4.4). 

Figure 4.4. Effect of Myogane on survival of Npc1−/− mice. (A) Kaplan–Meier survival 
curve (percent survival) and (B) Average survival ages presented as mean ± SEM, n=4-10. 
One-way ANOVA with Tukey’s post hoc test was performed. 
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Animals treated with the two lower doses did not lose as much weight as the 

untreated controls, their percentage of initial body weight was significantly higher 

than that of untreated controls starting from 5 up to 11 weeks of age for the 0.1 

mg/kg group (also significantly higher than the 10 mg/kg group and the 1 mg/kg 

group only up to 8 weeks) and at 6 and 8 weeks of age for the 1 mg/kg group, these 

two doses seems to have successfully slowed the rate of weight loss (Figure 4.5). 

At 5 weeks the 0.1 mg/kg treated mice percentage body weight was significantly 

higher than the other 3 groups (p<0.0001, p=0.0004 and 0.0002 vs. untreated 

controls, 1mg/kg and 10 mg/kg groups, respectively). By 6 weeks the 1 mg/kg 

group percentage body weight became also significantly higher than the untreated 

controls (p=0.026). The 10 mg dose did not protect from weight loss, as the 

percentage body weight of treated mice was not different from that of untreated 

control throughout the course of the study (p=0.905, 0.846, 0.991, 0.999, 0.986, 

0.944 and 0.358.at 5, 6, 7, 8, 9, 10 and 11 weeks, respectively). 

Figure 4.5. Effect of Myogane on weight loss in Npc1−/− mice. Data presented as mean 
(percent of initial body weight) ± SEM over the life span, n=7-14. *p<0.05, **p<0.01, 
***p<0.001 and ****p<0.0001, calculated using one-way ANOVA with Tukey’s post hoc 
test. * comparison vs. untreated Npc1-/-, # comparison vs. 10 mg/kg group, ● comparison 
vs. the 1 mg/kg group. 
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Motor function in response to treatment was evaluated by measuring rearing activity 

in a five-minute open field test. Both lower doses were associated with improved 

rearing activity maintained from early symptomatic stage up to end stage compared 

to untreated controls, although did not reach statistical significance (only the 1 

mg/kg group had a significantly higher rearing count compared to untreated controls 

at 10 weeks, p=0.005) (Figure 4.6 A).  

Interestingly, the lowest dose was associated with significant increase in the centre 

rearing activity compared to untreated group starting from 4 weeks of age (also 

compared to other treatment groups, p=0.0005, 0.0006 and 0.007 vs. untreated 

control, 1 mg/kg and 10 mg/kg groups, respectively), at 5 weeks (compared to 

untreated controls, p=0.011), 7 weeks (compared to untreated and 10 mg/kg treated 

groups, p=0.049 and 0.038, respectively) and 9 weeks (compared to untreated 

control group p=0.033). The 1 mg/kg treated group had a significant increase in 

centre rearing activity compared to untreated group at very late stage (11 weeks, 

p=0.037) (Figure 4.6 B). 
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Figure 4.6. Effect of Myogane on (A) rearing and (B) centre rearing of Npc1-/- mice. 
Data presented as mean (rearing count) ± SEM, n=7-14. *p<0.05, **p<0.01 and 
***p<0.001, calculated using one-way ANOVA with Tukey’s post hoc test. 
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No significant reduction in tremor amplitude was observed with any of the doses at 

all disease stages (Figure 4.7 and Figure 4.8), in fact the high dose was associated 

with worsening of the tremor at the late symptomatic stage (10-11 weeks) possibly 

due to toxicity while the low dose may have been too low to produce any beneficial 

effect on the tremor amplitude. 

 

 

 

Figure 4.7. Effect of Myogane on fine tremor of Npc1-/- mice. Tremor amplitudes 
quantified as averaged fine tremor amplitude (over the range 31-51 Hz). Data presented as 
mean ± SEM, n=7-14. One-way ANOVA with Tukey’s post hoc test was performed.  
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Figure 4.8. Effect of Myogane on tremor of Npc1-/- mice (A) overall tremor range and 
(B) fine tremor range. Data presented as mean tremor amplitude, n=7-14. Red; untreated 
Npc1-/- controls, purple; Myogane 0.1 mg/kg, green; Myogane 1 mg/kg and blue; Myogane 
10 mg/kg. 
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Efficacy in vivo was further assessed at end-stage measuring GSL storage levels and 

free cholesterol concentrations in brain, lung, liver, kidney and spleen. There were 

no significant difference in the total levels of these lipids in the analysed tissues, 

however, 0.1 mg treatment was associated with an increase in some of the GSL 

species in the spleen and lung and that could be due to the heterogeneous nature of 

the spleen and the possibility that the measured total GSLs could also reflect 

macrophage storage in addition due to differential inflammatory infiltration that 

could have contributed to the increase in certain species in the low dose group 

(Figure 4.9).  
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Figure 4.9. Effect of Myogane on Npc1-/- GSL levels in (A) Brain (B) Lung (C) Liver 
(D) Kidney and (E) Spleen of Npc1-/- mice vs Myogane treated Npc1-/- mice, at 0.1 mg 
and 01 mg measured at end point. Data presented as mean ± SEM, n=5. *p<0.05 and 
**p<0.01, calculated using one-way ANOVA with Tukey’s post hoc test. 

In addition, the 1 mg group had a significantly lower free cholesterol level in the 

kidneys (p=0.007) (Figure 4.10). 

Figure 4.10. Effect of Myogane on free cholesterol levels in brain, lung, liver, kidney 
and spleen of Npc1-/- mice vs Myogane treated Npc1-/- mice, at 0.1 mg and 1 mg 
measured at end point. Data presented as mean ± SEM, n=5. *p<0.05 and **p<0.01, 
calculated using one-way ANOVA with Tukey’s post hoc test. 
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Cerebellar Purkinje cell loss is a main neuropathological feature of NPC1 disease 

(300). Although Purkinje cell survival in both lobule III and IV has not changed in 

response to treatment (for lobule III; p=0.993, 0.873 and 0.998 for 0.1, 1 and 10 

mg/kg groups, respectively and for lobule VI; p=0.854, 0.989 and 0.935 for 0.1, 1 

and 10 mg/kg groups, respectively) (Figure 4.11 and Figure 4.12), the pattern and 

count of Purkinje cells in cerebellar sections of all treatment groups were very 

consistent indicative of a neuroprotective effect unlike untreated controls where 

there has been a huge variation between the individual mice and the different 

sections of the same mouse. 

Microglial activation appears to be a very early event in NPC1 pathogenesis, with 

increased microglial activation in most brain areas (including the cerebellum) from 

as early as 4 weeks of age before the onset of any symptoms and last to end-point 

(71). In NPC1 and other neurodegenerative diseases the mechanism of microglial 

activation is not fully understood, but results in oxidative stress in the brain. 

Activated microglia express the LE/Lys marker CD68 (92), member of the LAMP 

macrosialin family of hematopoietic mucin-like molecules (301).  

Significant reduction in the number of activated microglia in the cerebellum was 

observed in all treatment groups with the lower dose (0.1 mg/kg) associated with 

the highest anti-inflammatory effect (for lobule III; p<0.0001, p=0.0004 and 0.002 

for 0.1, 1 and 10 mg/kg groups, respectively and p= 0.024 for 0.1 mg/kg groups vs. 

10 mg/kg group and for lobule IV; p<0.0001, p=0.007 and 0.0006 for 0.1, 1 and 10 

mg/kg groups, respectively and p=0.014 for 0.1 mg/kg groups vs. 1 mg/kg group) 

(Figure 4.11 and Figure 4.12). 
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Figure 4.11. Effect of Myogane on Npc1−/− cerebellar lobule III microglial activation 
and Purkinje cell survival at 8 weeks of age. (A) Representative images of cerebellar 
sections double immunostained with anti-calbindin antibody and anti-CD68 antibody. The 
cerebellum of untreated Npc1−/− mice (untreated controls) was compared to Myogane 
treated mice at three different doses (0.1 mg, 1 mg and 10 mg), n=3 for each group. (B) The 
number of calbindin-labelled Purkinje cells in the Purkinje cell layer of cerebellar lobule IV 
was counted to evaluate the effect of Myogane treatment on Purkinje cell survival and 
compared to the untreated Npc1−/− animals. The number of Purkinje cells was calculated 
per m m of the Purkinje cell layer. The data is presented as mean of three different sections 
of three independent mice ± SEM. (C) The number of green CD68-labelled cells in the 
molecular layer (ML) of cerebellar lobule III of treated mice were counted and compared to 
the untreated Npc1−/− animals. The number of CD68+ cells was calculated per mm2 of the 
molecular layer. Data presented as mean (of three different sections of three independent 
mice) ± SEM. p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001, calculated using one-way 
ANOVA with Tukey’s post hoc test. Scale bar represents 0.2 mm.  
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Figure 4.12. Effect of Myogane on Npc1−/− cerebellar lobule IV microglial activation 
and Purkinje cell survival at 8 weeks of age. (A) Representative images of cerebellar 
sections double immunostained with anti-calbindin antibody and anti-CD68 antibody. The 
cerebellum of untreated Npc1−/− mice (untreated controls) was compared to Myogane 
treated mice at three different doses (0.1 mg, 1 mg and 10 mg), n=3 for each group. (B) The 
number of calbindin-labelled Purkinje cells in the Purkinje cell layer of cerebellar lobule IV 
was counted to evaluate the effect of Myogane treatment on Purkinje cell survival and 
compared to the untreated Npc1−/− animals. The number of Purkinje cells was calculated 
per mm of the Purkinje cell layer. The data is presented as mean of three different sections 
of three independent mice ± SEM. (C) The number of green CD68-labelled cells in the 
molecular layer (ML) of cerebellar lobule IV of treated mice were counted and compared to 
the untreated Npc1−/− animals. The number of CD68+ cells was calculated per mm2 of the 
molecular layer. Data presented as mean (of three different sections of three independent 
mice) ± SEM. **p<0.01, ***p<0.001 and ****p<0.0001, calculated using one-way 
ANOVA with Tukey’s post hoc test. Scale bar represents 0.2 mm. 
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GalCer is the main sphingolipid component of myelin. In this study we used GalCer 

as surrogate marker of myelin content in Npc1-/- mouse brain to assess the effect of 

these neuroprotective agents on myelination. Upon separation on TLC plates, two 

GalCer bands were detected, the upper band corresponds to the non-hydroxy fatty 

acid-ceramide while the lower bans represents GalCer species with the hydroxylated 

fatty acids on the ceramide backbone. 

Brain GalCer levels, revealed a significant reduction (by about 60% by postnatal 

day 14) in the Npc1-/- mice compared to wild-types in agreement with published 

studies (30, 302, 303). The non-hydroxy fatty acid fraction was particularly affected 

(normally accounts for about 35-40% of total galactosylceramide fraction). This is 

indicative of a myelination defect in NPC1 disease. The results also further 

confirmed our previous findings of a modest neuroprotective effect of this 

compound. In agreement with IHC results where the low doses were more effective, 

brains from the 1 mg/kg group had a trend towards higher levels of GalCer 

compared to untreated controls, however the difference did not reach statistical 

significance (p=0.230 and 0.097 for non-hydroxy and hydroxy fatty acid GalCer, 

respectively) (Figure 4.13). 
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Figure 4.13. Effect of Myogane on Npc1−/− brain galactosylceramide levels as a 
surrogate marker of myelination. (A) Representative HPTLC plate of whole brain 
homogenates, extracted and separated on a HPTLC plate. Whole brain samples of wild-
types (Npc1+/+), untreated Npc1−/− mice were analysed and compared to Myogane treated 
mice at the two lower doses (0.1 mg/kg and 1 mg/kg), n=3-8 for each group, collected at 
end-point (10-13 weeks of age). (B) Absolute quantitation of the amounts of GalCer, both 
non-hydroxy (top band) and hydroxy (bottom band) fatty acid GalCer were quantified using 
ChemiDoc system. Data presented as mean ± SEM (n=3-8). One-way ANOVA with 
Tukey’s post hoc test was performed. 
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4.4. Discussion 

Since NPC disease shares common neuropathological features with other 

neurodegenerative disorders (150, 297), it is was logical to evaluate neuroprotective 

drugs (e.g. Cogane and Myogane) in NPC as they have shown efficacy in animal 

models of other neurodegenerative diseases (283). Cogane and Myogane are 

particularly attractive compounds as they cross the blood-brain barrier (283). 

In this study we have examined the use of the two novel, orally bioavailable, non-

peptide neurotrophic factor inducing compounds Cogane and Myogane. Initially, 

due to their structural similarities to cholesterol and the possibility that they could 

theoretically inhibit the function of NPC1 and/or NPC2 proteins (4), we investigated 

this by testing the effects of the two compounds in healthy cells. Neither drug 

induced any NPC disease cellular phenotypes. They were therefore progressed to a 

second in vitro study in order to assess their ability to correct NPC phenotypes in 

cells in vitro, which would then suggest another mechanism by which they mediated 

their beneficial effect, independent of their established neuroprotective effect that 

requires induction of neurotrophic factors. Neither of these compounds showed a 

significant effect on lipid storage burden in NPC1 deficient cells in vitro, ruling out 

the potentials of this other mechanistic approach suggested. Myogane then was 

tested in the mouse model of NPC disease in order to assess the magnitude of its 

neuroprotective effect in this disease. 

We initially went from 30 mg/kg to 10 mg/kg in a pilot study to avoid masking any 

beneficial effects with adverse effects associated with toxicity potentially due to the 

reduced liver function in this mouse model. We then tested two lower doses; 1 and 

0.1 mg/kg, which were functionally more beneficial than the 10 mg/kg dose.  
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The lower doses then progressed to biochemical and immunohistochemical analysis 

of lipid storage and cerebellar pathology in treated mice. No effect on storage 

(GSLs and cholesterol) was seen but the rate of brain demyelination may have been 

slowed (not significant) and interestingly exerting an anti-inflammatory effect in the 

cerebellum reducing microglial activation. This suggests that the functional benefit 

in the mice was mediated through the previously established neuroprotective and 

neurorestorative properties of Myogane. The anti-inflammatory effect of these 

compounds has not been reported previously and its unclear if this is a direct effect 

or the result of slowing the rate of neurodegeneration. The only published data on 

administration of these compounds in animal models of neurodegenerative diseases 

was by Visanji et al. (283), where 10 mg/kg Cogane was given orally to 5 week old 

MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine)-lesioned mice for 60 days, 

treated mice had a significant ~3-5 fold increase in the levels of the two 

neurotrophic factors in the striatum slowing the loss of striatal dopaminergic 

transporter levels, restoring dopaminergic transporter binding to almost levels seen 

in non-MPTP-lesioned mice and dopaminergic neurons in the substantia nigra. 

Cogane’s neuroprotective effect included both cell body and terminal regions of 

dopaminergic neurons. Interestingly, a significant effect was also observed upon 

delayed administration of Cogane. The mechanism by which Cogane produced its 

effect is not known but inhibition of monoamine oxidase B and influencing MPTP 

metabolism in the brain affecting the levels of MPP+ (1-methyl-4-

phenylpyridinium) were ruled out in vitro and in vivo respectively. 

Interestingly, unpublished data from the company demonstrate the efficacy of these 

compounds in upregulating neurotrophic factors only in diseased cells but not in 

normal wild-type cells (Table 4.3). 

The text and table originally presented here cannot be made freely available via 
ORA because of ‘copyright’.
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Table 4.3. Significant gene expression changes in the cerebellum following MPTP and 
MPTP + PYM50028 administration. This table was provided by Dr. Patrick Howson, 
Phytopharm). 

Neurotrophic factors are secretory peptides, which play an important role in 

neuronal survival, maturation and differentiation during and after development. 

They act on specific neuronal populations (304). Neurotrophic factors bind to the 

p75 neurotrophin receptor (p75NR) and to their specific Trk receptor. Upon 

receptor binding, they induce autophosphorylation of the Trk receptor and 

subsequent activation of protein kinases with downstream activation of multiple 

signalling pathways including for example MAPK and PI3K pathways (305). 

Neurotrophic factors eventually stimulate the transcription of genes required for 

neuronal survival and differentiation during development and throughout adulthood 

as well. Neurotrophic factors have also shown to play a role in synaptic function 

(306). 

Description p-value v/v m/v m/p 
Homo sapiens tripartite motif containing 7 (TRIM7), 
transcript variant 1, mRNA [NM_203293.2] 

0.007 8.51 9.56 9.57 

Homo sapiens interferon, alpha-inducible protein (clone 
IFI-15K)(G1P2) [NM_005101] 

0.0228 6.88 7.91 7.89 

Homo sapiens tachykinin 4 (hemokinin) (TAC4), mRNA 
[NM_170685] 

0.0406 7.45 4.44 4.13 

Homo sapiens zinc finger protein interacting with K protein 
1 (ZIK1), mRNA [NM_001010879.2] 

0.0203 8.93 6.12 5.99 

Homo sapiens 6-phosphogluconolactonase (PGLS), mRNA 
[NM_012088.2] 

0.0026 9.78 8.56 8.76 

Homo sapiens ribosomal protein S3A (RPS3A) 
[NM_001006.4] 

0.0001 13.40 11.40 12.95 

Human chromosome 10 open reading frame 58 (C10orf58), 
mRNA [NM_032333.2] 

0.0156 7.70 6.95 7.60 

Homo sapiens hypothetical protein FLJ35894 (FLJ35894), 
mRNA [NM_173616.1] 

0.0306 7.72 6.63 7.22 

Homo sapiens carboxylesterase 1 (monocyte/macrophage 
serine esterase 1)(CES1), transcript variant 3, mRNA 
[NM_001266.4] 

0.0175 7.00 6.57 7.60 

Homo sapiens 5-hydroxytryptamine (serotonin) receptor 
1E (HTR1E), mRNA [NM_000865.2] 

0.046 7.24 6.56 8.14 
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Reduced BDNF levels are known to be associated with behavioural changes and 

susceptibility to psychiatric illness including depression and anxiety (307). It has 

also shown to reduce the release of NO from IFN-γ-activated microglia in vitro 

(308) which could explain the anti-inflammatory effect we observed suppressing 

microglial activation. BDNF mediates its effect on microglia via the high affinity 

neurotrophic receptor TrkB and to a lesser extent the p75 receptor with low affinity 

with subsequent upregulation of multiple proteins and suppression of iNOS (309). 

Furthermore, astrocyte derived-GDNF, but not BDNF, has shown to inhibit 

microglial activation in cultured midbrain and contribute to protection from 

nreurodegeneration and neuroinflammation (310). Although others have suggested 

regional differences in the expression of neurotrophic factors by microglia due to 

their differential properties in different brain regions and microenvironments, 

resulting in a constitutive expression of neurotrophic factors in some areas whereas 

in others the expression of neurotrophic factors is inducible (311). 

Microglia activated by LPS (312) or IFN-γ have been shown to secrete BDNF, 

which in addition to its pro-survival role maintaining neurons, also induces the 

proliferation and activation of microglia in vitro (311, 313) and in vivo (314). Both 

BDNF secretion by activated microglia and BDNF interaction with microglia are 

mediated thorough the adenosine 2A receptors (A2AR) (315), antagonists to this 

receptor have shown beneficial in neurodegenerative conditions with a chronic 

neuroinflammation element (316, 317). 

GDNF secretion by microglia has been reported to be inhibited upon stimulation 

with LPS, an effect of microglial activation at the secretory rather than the 

expression level (318). Activated microglia produce more BDNF than GDNF, 

indicative of a potentially neuroprotective effect of activated microglia in damaged 
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brain areas as opposed to the most common neurotoxic effect observed upon 

activation (319, 320). 

Axonal spheroid formation and progressive cerebellar Purkinje cell loss is an 

established neuropathological feature of NPC1 disease and correlates with 

neurological presentation, motor dysfunction and clinical phenotype in both the 

mouse and cat models (321-323). Purkinje cell involvement is detected as an 

increase in parvalbumin-positive spheroids in Npc1-/- mice compared to controls, 

followed by diminishing number of spheroids in the cerebellum due to consequent 

Purkinje cell death. In particular, cerebellar lobules III and IV, which represent the 

early degenerating areas of the Npc1-/- cerebellum, as opposed to the late 

degenerating or non-degenerating area (lobule IX and X), which survive until very 

late stages of the disease (300). Purkinje cell loss starts with about 13% death by 

postnatal day 22 (324), and reaches 96% at very late stage at around 11 weeks of 

age (325). Preservation of Purkinje cells and delay in their death was observed in 

many therapeutics trialed in the Npc1-/- mouse including miglustat, ibuprofen and 

their combination (82, 92), allopregnanolone/cyclodextrin (121), cycodextrin and 

their combination with miglustat (87).  

Galactosylceramide along with its sulphated derivative sulphogalactosylceramide 

are two specific glycolipid markers of oligodendrocytes and myelin. They are 

considered early surface markers and present on the surface of mature cells both in 

vitro (326) and in vivo and have been immunolocalised in oligodendrocytes and 

myelin sections (327), making it a useful surrogate marker of myelination. 

Galactosylceramide is the main component of myelin; its concentration is 

proportional to myelin amount in the brain (past early development stage). 

Galactosylceramide is both the most abundant and specific component of myelin 
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and accounts for about one fifth of the lipid dry weight of myelin. About 20% of 

myelin’s galactolipid content is sulphated (328). Despite its abundance and 

specificity to myelin, galactosylceramide is not crucial for the synthesis or 

maintenance of myelin. Mice null for UDP-galactose:ceramide galactosyltransferase 

and therefore deficient in cerebrosides and sulphatides had a relatively normal 

myelin formation with minor structural alterations leading to progressive 

neurological deficit, suggestive of the dispensable role of galactosylceramide in 

myeline formation and maintenance (329). 

Demyelination in Npc1-/- mice is observed at 7 weeks of age when myelination is 

normally complete in healthy mice, and is due to loss of both myelin protein and 

cholesterol (330). Demyelination in Npc1-/- mice has been proposed to be the cause 

of no overall cholesterol build-up in Npc1-/- brain, loss of myelin cholesterol could 

balance out neuronal cholesterol accumulation (331). Treatment with 

allopregnanolone/cyclodextrin was associated with significant delay in 

demyelination process in these mice as measured by CNPase (2’, 3’-cyclic 

nucleotide 3’-phosphodiesterase) immunostaining (121).  

In NPC disease, there is evidence of impaired myelination (to variable degrees) both 

in the CNS and peripheral nervous system (12). In the BALB/c Npc1-/- mouse there 

was a clear myelination defect in the CNS due to a primary myelinogenesis defect 

as opposed to a secondary defect (e.g. caused by myelin turnover or 

neurodegeneration) (332).  

The underlying mechanism of myelination defect in NPC1 disease remains 

unknown, however, myelination defect is thought to be related to the dependence on 

de novo cholesterol biosynthesis in the brain (333). BDNF signalling via TrkB is 
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essential for normal myelinogenesis, BDNF signalling induces the expression of 

cholesterol synthesising enzymes stimulating de novo cholesterol synthesis in 

cultured cortical and hippocampal neurons (334). However, this pathway is 

potentially compromised in NPC disease. Striatal neurons from Npc1-/- mice are 

unresponsive to BDNF, unable to activate Trk receptors and to induce neurite 

outgrowth (335). Unresponsiveness to BDNF in NPC1 neurons seems to be caused 

by decreased BDNF signalling via TrkB, rather than underexpression of TrkB 

(335).  The defective Trk signalling in NPC1 cells is possibly caused by alterations 

in membrane cholesterol levels, lipid raft integrity and ganglioside storage (GM2 

and GM3). Neurotrophic factor signalling is dependent on lipid rafts and changes in 

membrane lipids (cholesterol and GSLs) have been suggested to interfere with 

BDNF and TrkB signalling (336). Lipid rafts appear to be important for the 

initiation of myelination (333). GM1, a ganglioside that is mistrafficked in NPC1 

cells, is thought to mediate neuronal dysfunction. In neurons, GM1 is normally 

largely present in the synaptosomal membrane and mediates the effect of growth 

factors. It is known to stimulate neurite outgrowth and modulate the activity of Trk 

receptor (337). The defective Trk signalling in NPC1 cells could have contributed to 

the modest neuroprotective effect of Myogane in the mice. 

Cholesterol depletion reduced TrkA autophosphorylation in the neuronal-like PC12 

cell line (338). In another cell line, NBL-S cells GDNF signalling was affected by 

cholesterol depletion (339).  The response to neurotrophic factors in NPC1 neurons 

is suggested to be receptor- and cell type-specific (333).  

In neural stem cells from Npc1-/- mice, BDNF and TrkB expression was 

significantly lower and was upregulated in response to valproic acid, which is 
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suggested to be the mechanism by which valproic acid and HDACi mediate their 

neuroprotective effects enhancing neuronal survival and differentiation (96). 

This is the first study testing these novel natural product compounds (Cogane and 

Myogane) in the mouse model of NPC1 disease, and the first study where treated 

animals were followed up thorough the course of the disease and monitored for 

functional benefit. The results obtained support the potential of using these 

compounds in combination with miglustat, with careful consideration of the dose 

intended. These compounds represent a class of compounds that have the potential 

to delay disease progression through both neuroprotective and neurorestorative 

effects and may synergise with other therapies that target different steps in the 

pathogenic cascade. 
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5.1. Introduction 

The two main inflammatory bowel diseases (IBD); ulcerative colitis and Crohn’s 

disease are characterised by severe, chronic and relapsing inflammation of the 

gastrointestinal (GI) tract with the main common symptoms of diarrhoea and weigh 

loss (340). However, they vary anatomically in terms of the anatomical sites of 

inflammation in the GI tract and the histological features of the intestinal 

inflammation (340). Ulcerative colitis affects only the caecum, colon and/or rectum 

while Crohn’s disease can present anywhere in the GI tract from the mouth to the 

anus (340). Generally, the terminal ileum and colon appear to be the most 

commonly affected regions (340). Histopathologically and microscopically, Crohn’s 

disease is characterised by a transmural lesion, often discontinuous, while ulcerative 

colitis is a continuous lesion restricted to the intestinal mucosa (340). 

Ulcerative colitis occurs at a worldwide incidence rate of 0.5–24.5/100,000 persons, 

while that of Crohn’s disease is 0.1–16/100,000 individuals, with a combined 

prevalence rate of IBD of up to 396/100,000 (341). Males and females are almost 

equally affected with IBD with peak age of onset in early adulthood (342). It is 

however important to note that numbers of cases are increasing with 

industrialisation, which emphasises the role of environmental factors in the 

pathogenesis of these complex multifactorial diseases (343, 344). Although the 

underlying mechanisms of pathogenesis remain incompletely understood, they can 

be triggered by continuous and abnormal activation of immune response in the 

intestinal mucosa by the intestinal microbiota (intestinal microbial population) 

(345). 

Approximately four cases have been reported in the literature of NPC patients 

presenting with IBD, more commonly Crohn’s disease (109, 346-348). 
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There are two potential aspects of NPC disease that may predispose to Crohn’s 

disease. Firstly, generalised inflammation is observed in NPC disease both in the 

CNS and periphery (71, 183) and seems to be TNF-dominated. This is due to the 

important role of both NPC proteins in normal immune cell (macrophages and 

lymphocytes) development and function thus initiating proper immunological 

response (349, 350). Also, NLRP3 inflammasome is dysregulated in NPC disease 

(Platt et al. unpublished observation). Abnormal immune responses driven by NPC 

dysfunction are believed to predispose to Crohn’s disease, and therefore intestinal 

inflammation could be potentially one of these complications (349). 

Secondly, we have shown that bile acid supplementation was effective in improving 

neurological function and partially correcting liver detoxifying capacity in the Npc1-

/- mouse (Chapter 2), this suggests that NPC1 disease is potentially associated with 

bile acid (BA) deficiency due to altered BA homeostasis affecting the 

composition/levels of BAs in NPC disease. Gut microbiota plays a crucial role in 

maintaining BA homeostasis, they are responsible for the biotransformation of the 

primary BA cholic acid (CA) and chenodeoxycholic acid (CDCA) synthesised and 

secreted from the liver to the intestinal lumen where they are transformed to 

secondary BAs by gut microbiota via two processes; deconjugation of the amino 

acids taurine or glycine (added to the primary BA after secretion into the biliary 

duct) by BA hydrolases followed by hydroxysteroid dehydrogenation to produce 

secondary BAs (351, 352). BAs undergo a very efficient enterohepatic circulation to 

generate the BA pool, in the gut; conjugated BAs undergo active reabsorption in the 

terminal ileum via specific transporters, transported back to the liver via the hepatic 

portal circulation (353). 
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Therefore dysbiosis (disturbance of the composition of gut microbiota) seen in IBD 

could impair BA metabolism and alter gut homeostasis (Figure 5.1). BAs play an 

important role in gut mucosal defence through antimicrobial actions (354) and anti-

inflammatory properties via down-regulating the synthesis of pro-inflammatory 

cytokines such as TNF (via inhibition NF-κB) (355). That is all suggestive of the 

crucial effect of BA homeostasis in maintaining gut integrity, and thus impaired BA 

homeostasis could further exacerbate the inflammatory status of the gut and 

contribute to the inflammatory phenotype. 

Figure 5.1. Role of bile acid homeostasis in the development of inflammatory bowel 
disease (Adapted from (356)). 

We therefore aimed to study the potential association between these two disorders 

(NPC and Crohn's) and investigate whether loss of NPC function predisposes to 

IBD utilising the NPC1 mouse model. 

 

the expense of secondary BAs. These changes contribute to the
loss of the anti-inflammatory effects of secondary BAs on intes-
tinal epithelial cells, while enhancing chronic inflammation.

Dysbiosis in IBD is generally described as a qualitative and
quantitative imbalance in the gut microbiota. This study estab-
lishes a credible link between perturbation of the gut micro-
biota composition and clinical outcomes. In light of this study,
BA appears to be a new player in IBD, participating in the
proinflammatory ‘vicious cycle’ between the gut microbiota
and host.
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5.2. Methods 

5.2.1. Patient data  

Data form a UK NPC patient cohort (Manchester), the e-HealthMe disease database 

and the published literature were studied by Dr. Holm Uhlig, our collaborator from 

the Translational Gastroenterology Unit, Experimental Medicine, Nuffield 

Department of Clinical Medicine, John Radcliffe Hospital, University of Oxford, 

Oxford, UK. The NPC patient cohort data from Manchester, UK, was provided by 

Dr. Ed Wraith, our collaborator at the Royal Manchester Children's Hospital, 

Manchester, UK. 

5.2.2. Animals 

Npc1-/-, Npc1+/- and Npc1+/+ mice were generated, maintained and genotyped as 

described in Chapter 2.  

GI tract from late end-stage (over 10 weeks of age) Npc1-/- and age- and sex-

matched Npc1+/+ mice were grossly examined (macroscopic) for bleeding and signs 

of inflammation/hypervascularisation. 

5.2.3. Induction of colitis 

Both studies were conducted in collaboration with Dr. George Song-Zhao and Dr. 

Kevin Maloy from the Sir William Dunn School of Pathology, University of Oxford 

and as described in Sections 5.2.3.1 and 5.2.3.2. 

 5.2.3.1. Dextran sodium sulphate (DSS) 

Experimental colitis was chemically induced in mice of all three genotypes both 

males and females (n=4 per gender per genotype) aged 52-54 days of age (7.4 to 7.6 

weeks old), by administrations of 4% (w/v; 40 g/L) DSS in drinking water ad 

libitum for 7 days. DSS (MP Biomedicals, Cat.: 160110) administered in the 

drinking water for 7 days will cause colitis and weight loss (357). DSS was renewed 

The text originally presented here cannot be made freely available via ORA.
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on day 3 and replaced with water on day 7. Another group of untreated (control) 

mice of the 3 genotypes were included and were given water for 9 days, renewed at 

days 3 and 7. This dose was determined by a pilot study in this mouse strain 

(BALB/c) to establish the effective dose to induce colitis in wild-type mice.  

Mice were monitored very closely and weighed and scored daily for adverse effects 

and IBD severity following the scoring scheme adapted form Wolfensohn and 

Lloyd, 2nd ed., p62 (Table 5.1).  

(A) General scoring scheme for assessment of mice 

Appearance	and	behaviour	 Score	

Normal	 0	

General	lack	of	grooming,	less	mobile	 1	

Ocular	or	nasal	discharge,	less	alert,	isolated	 2	

Piloerection,	hunched	up,	very	still	 3	

	

Food	and	water	intake	 	

Normal	(body	condition	score	3)	 0	

Body	condition	score	2-3	(weight	loss	0-10%)	 1	

Body	condition	score	2	(weight	loss	10-20%)	 2	

No	intake,	body	condition	score	1	(weight	loss	>20%)	 6	

	

Total	Score	 Actions	

0-1	 Normal	

2-3	 Ensure	adequate	access	to	food	and	fluids	

4-5	 Seek	advice	from	NACWO	and/or	vet;	administer	fluids,	heat,	analgesics	as	

necessary	

6	 Terminate	

(B) Scoring scheme to assess the severity of IBD 

No	clinical	signs	of	IBD	 0	

Weight	loss	below	20%,	or	loose	faeces	and	mild	inflammation	of	the	anus	 1	

Weight	loss	below	20%,	loose	faeces	and	mild	inflammation	of	the	anus	 2	

Weight	loss	>20%,	or	prolapse	sustained	for	a	period	of	48hr	or	prolapse	associated	

with	overt	bleeding	

3	

Animals	with	grade	1	disease	will	be	monitored	carefully.	Animals	with	grade	2	disease	

will	be	monitored	daily;	termination	will	be	considered.		At	the	first	signs	of	grade	3	

disease,	animals	will	be	killed	and	may	be	subjected	to	pathological	examination.	

Table 5.1. Scoring scheme adapted for daily monitoring of mice on DSS, based on 
Wolfensohn and Lloyd, 2nd ed., p62. Mice were scored for any adverse effects (A) and 
severity of IBD (B). 
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 5.2.3.2. Citrobacter rodentium Infection Study 

The Citrobacter rodentium strain used was a nalidixic acid-resistant strain (ICC169, 

the mutant of the wild-type C. rodentium ICC168) which possesses similar infective 

properties (358), ICC168 was obtained from the original stocks by Barthold (359). 

C. rodentium was grown aerobically overnight in Luria–Bertani (LB) broth 

supplemented with nalidixic acid (50 µg/mL) at 37°C to stationary phase, diluted 

the following day to an optical density of 0.1 and further grown to log phase, 

collected by centrifugation at 7,000 rpm for 10 minutes at 4°C, washed and 

resuspended in sterile phosphate-buffered saline (PBS) at a concentration of  

~2X1010 colony-forming units (CFU)/mL, so that 200 µL feeding volume gives 

~4X109 CFU/mouse. 

Twenty-four mice (8 of each genotype, 4 males and 4 females, either littermates or 

co-housed from weaning) were used for the infection study at 6 weeks of age. 

At 6 weeks of age (day 0), mice were infected by oral gavage with 200 µL of the 

bacterial suspension (feeding dose ~4x109 CFU/mouse in a volume of 200 µL). 

Infected mice were weighed daily and culled if they lost more than 20% of starting 

weight, monitored and scored daily for signs of IBD or any other adverse effects 

throughout the study. Two endpoints were used in this study, which corresponded to 

peak infection (assessed from bacterial load in the faeces), day 10 and day 19 post 

infection. 

 5.2.3.3. Enumerating faecal C. rodentium 

Fecal shedding of C. rodentium was measured to assess bacterial infection in the 

caecum and colon. Faeces were collected daily into pre-weighed Eppendorf tubes 

with 500 µL sterile PBS and the weight of faecal pellet was determined. Faecal 
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pellets were vortexed for 1 minute before mashing using a 200 µL pipette, vortexed 

for another minute, spun down at the lowest centrifuge speed for 1-2 minutes. The 

supernatant was aspirated and then serially diluted before plating out onto nalidixic 

acid-supplemented LB plates. The number of colonies was counted and bacterial 

load was expressed as CFU/mg. 

 5.2.3.4. Enumerating tissue C. rodentium 

To assess bacterial load in infected mice, about 3 mm sections of mid-, distal colon 

and caecum were collected. Tissues were weighed and then homogenised in 600 µL 

of PBS. Tissue homogenates were serially diluted and plated on nalidixic acid 

(Sigma-Aldrich, Gillingham, UK; final concentration 50 µg/mL) agar plates, 

incubated overnight at 37°C and colonies were counted the following day. The 

number of colonies (CFUs) were normalised to the weight of the tissue (CFU/mg). 

 5.2.3.5. Organ explant culture 

For measuring secretory cytokine levels, about 3 mm sections of mid-, distal colon 

and caecum were collected. Tissues were weighed, washed in PBS (supplemented 

with antibiotics penicillin and streptomycin), incubated at 37°C overnight in 

complete RPMI. The next day, the supernatants were harvested and the levels of the 

following cytokines were measured using Flow Cytomix Cytokine Bead Assay 

(eBioscience, Vienna, Austria): interferon-γ (IFN-γ), IL-17A, IL-22, and TNF 

following manufacturer’s instructions using a FACSCalibur instrument and 

CellQuest software (BD Biosciences) (360). 

5.2.4. Tissue collection and preparation 

For the DSS challenge; mice were sacrificed on day 9, whereas for the C. rodentium 

challenge; mice were sacrificed on day 10 post-infection (corresponding to peak 
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infection) by CO2 asphyxiation. Another group of male mice were sacrificed at day 

19 post-infection. 

For DSS mice; the spleen and large intestine (mid-, and distal colon) were collected, 

while for C. rodentium infected mice large intestine only (Caecum, mid- and distal 

colon) were collected. Tissues were washed with PBS supplemented with 0.5% 

BSA and the faeces were flushed out. The following parameters were measure for 

DSS mice: spleen weight and length and weight of the colon weight and colon 

length (from the caeco-colic junction to the anus). Colon weight: length ratio was 

calculated and is indicative of colonic edema and/or hyperplasia and a measure of 

the degree of colonic inflammation. Only colon length was measured for C. 

rodentium mice. Colons and caeca were then fixed (overnight) by immersion in 4% 

PFA in 0.1 M phosphate buffer (pH 7.4). 

Whole blood samples were collected by cardiac puncture from for C. rodentium 

infected mice, allowed to clot for about 30 minutes at room temperature, 

centrifuged at 3,000 rpm (1,000 x g) for 5 minutes and the sera separated and stored 

at -80°C until further processing for cytokine levels (section 5.2.3.5). 

5.2.5. Histology 

PFA fixed samples were processed using an automated Shandon Excelsior™ ES 

tissue processor (Thermo Fisher Scientific Inc., Fisher Scientific UK Ltd, 

Loughborough, Leicestershire) using following protocol: Formalin (30 minutes), 

70% alcohol (1:30 hours), 90% alcohol (1:30 hours), 100% alcohol (1:30 hours), 

100% alcohol (1:00 hour), 100% alcohol (1:30 hours), 100% alcohol (1:30 hours), 

histoclear (1:30 hours), histoclear (1:30 hours), histoclear (2:00 hours), wax (1:00 

hour), wax (1:00 hour), wax (2:00 hours). Samples were then paraffin-embedded, 
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sectioned into 4-µm sections (Leica RM2126 microtome) and stained with 

haematoxylin and eosin (H&E). Samples were kindly processed by Richard Stillion 

from the Sir William Dunn School of Pathology, University of Oxford. 

5.2.6. Imaging 

Sections were photographed using a Zeiss AXIO Imager A1 light microscope 

equipped with a Zeiss AxioCamHRc digital camera.  

5.2.7. Evaluation of histological sections 

H&E-stained sections were scored blinded. For the DSS model, to evaluate the 

histological GI sections, four categories were considered and each scored 0-3. These 

categories are: epithelia (epithelial hyperplasia, goblet cell depletion and loss of 

epithelial cells), leukocyte infiltration in lamina propria, affected area and markers 

of severe inflammation (e.g. loss of crypt structure, submucosal inflammation, 

edema, and crypt abscesses) (Table 5.2). These scores were added up (scores range 

between 0-12) and the sum results were plotted. DSS-induced inflammation is 

present mostly in mid- and distal colon, and therefore mid- and distal sections of the 

colon were analysed and the scores of the two segments were averaged to give the 

final colon score. 
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Table 5.2. Summary of histological scoring for the DSS model. Each category is scored 
0-3. High scores can be either due to additive scores of multiple factors (e.g.: moderate 
hyperplasia AND marked goblet cell depletion in category A) or due to the severe 
presentation (phenotype) of one factor in the category (e.g.: substantial crypt structure loss 
in category D). 

For the C. rodentium model, caecum and distal colon sections were scored as 

follows: a total score of 0-15 was given to each section, based on 5 categories 

scored individually 0-3, these categories are: epithelial hyperplasia/damage and 

goblet cell depletion, leukocyte infiltration in lamina propria; submucosal 

inflammation and edema, area of tissue affected, and markers of severe 

inflammation such as bleeding, crypt abscesses, and necrosis/ulceration (Table 5.3) 

(361). 

A Epithelium Hyperplasia and/or Goblet Cell 
Depletion 

and/or Loss of epithelial cells 

 0 None  None  None 
 1 Mild (1.5X)  Mild (25%)  Mild 
 2 Moderate (2-

3X) 
 Marked (25-

50%) 
 Marked 

 3 Severe 
(>3X) 

 Substantial 
(>50%) 

 Substantial 

 
B Inflammation in lamina propria 
 0 None - few leucocytes 
 1 Mild - some increase in leukocytes at tips of crypts OR many lymphoid follicles 
 2 Moderate - marked infiltrate (notable broadening of crypt) 
 3 Severe - dense infiltrate throughout 
 
C Area affected (% of section) 
 0 None 
 1 Up to 25% 
 2 25-50% 
 3 >50% 
 
D Markers of 

severe 
inflammation 

Loss of 
crypt 
structure 

and/or Submucosal 
inflammation 

and/or Edema and/or Crypt 
abscesses 

 0 None  None  None  None 
 1 Mild  Mild  Mild  Few (<5) 
 2 Marked  Marked  Marked  Many 
 3 Substantial  -  -  - 
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Table 5.3. Summary of histological scoring for C. rodentium-induced colitis. 

5.2.8. Statistics 

For weight curves, data were analysed by two-way analysis of variance (ANOVA) 

with Bonferroni post-tests. For the other data, nonparametric Mann–Whitney test 

was performed to determine statistical significance using GraphPad Prism version 

6.0c (GraphPad Software, San Diego, California, USA). Differences were 

considered statistically significant when p<0.05. 

 

A Epithelium Hyperplasia and/or Goblet Cell 
Depletion 

and/or Damage 

 0 None  None  None 
 1 Mild (1.5X)  Mild (25%)  Mild 
 2 Moderate (2-

3X) 
 Marked (25-

50%) 
 Marked 

 3 Severe (>3X)  Substantial 
(>50%) 

 Substantial 

 
B Inflammation in lamina propria 
 0 None - few leucocytes 
 1 Mild - some increase in leukocytes at tips of crypts OR many lymphoid follicles 
 2 Moderate - marked infiltrate (notable broadening of crypt) 
 3 Severe - dense infiltrate throughout 
 
C Submucosal  Oedema  Infiltration  Follicle 
 0 None and/or None and/or None 
 1 Mild and/or Mild and/or Enlarged 
 2 Marked OR Marked  - 
 3 Marked AND Marked  - 
 
D Area affected (% of section) 
 0 None 
 1 Up to 25% 
 2 25-50% 
 3 >50% 
 
E Markers of 

severe 
inflammation 

Bleeding and/or Crypt 
abscesses 

and/or Necrosis/ulceration 

 0 None  None  None 
 1 Some  Few  None 
 2 Marked  Many  Few/small 
 3 -  -  Large/many 
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5.3. Results 

In the Manchester cohort, 7 of 98 NPC patients had a confirmed diagnosis (biopsy) 

of Crohn’s disease. From the database search, 16 more NPC patients have been 

identified with Crohn’s disease suggestive of an association of NPC1 with early 

onset paediatric Crohn’s-like disease. IBD in NPC patients was characterised by an 

early onset disease (most of identified cases were paediatric patients) with female 

penetrance (Figure 5.2). 

Figure 5.2. (A) NPC1 associated IBD is associated with early onset (age at diagnosis). 
(B) There is a clear trend towards Crohn’s disease phenotype and (C) possible female 
predominance as compared to patients in the prospective Oxford IBD cohort study. 
Differences were analysed by non-parametric Mann-Whitney U test. (D) Penetrance 
of the IBD phenotype in 2 independent cohorts. Manchester cohort n=98 and e-healthMe 
n=166. Confidence intervals were calculated by modified Wald equation. IBDU; 
inflammatory bowel disease unclassified. This figure was provided by Dr. Holm Uhlig, 
collaborator from Translational Gastroenterology Unit, Experimental Medicine, Nuffield 
Department of Clinical Medicine, John Radcliffe Hospital, University of Oxford, Oxford, 
UK. 

Patients presented with typical phenotypic and histological characteristics of 

Crohn’s like intestinal inflammation including granuloma formation (Figure 5.3).  
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Figure: Penetrance of the IBD phenotype in 2 independent cohorts.
Manchester cohort n=98
e-healthMe n=166 
Confidence intervals were calculated by modified Wald equation.

Figure: NPC1 associated IBD is assocuated with early onset (age at 
diagnosis). There is a clear trend towards CD phenotype and possible 
female predominance as compared to patients in the prospective Oxford 
IBD cohort study.
Differences were analysed by non-parametric Mann-Whitney U test.
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Figure: NPC1 associated IBD is assocuated with early onset (age at 
diagnosis). There is a clear trend towards CD phenotype and possible 
female predominance as compared to patients in the prospective Oxford 
IBD cohort study.
Differences were analysed by non-parametric Mann-Whitney U test.

(A) (B) (C) (D) 

The text and figures originally presented here cannot be made freely available via 
ORA.
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To investigate the potential link between NPC and IBD, we looked for a 

spontaneous phenotype in late-end stage Npc1-/- mice compared to wild-type mice, 

we have observed differences macroscopically including enhanced vascularity in 

the ileo-colic junction as well as evidence of upper GI tract bleeding 

“haematochezia” (Figure 5.4), however, microscopically, we could not detect any 

histological changes characteristic of Crohn’s disease in symptomatic 9 week old 

mice, control mice for the DSS challenge (all three genotypes in the non-DSS 

groups) had normal baseline histopathology scores (Figure 5.7).  

Figure 5.4. Macroscopic changes in the gastrointestinal tract of late end-stage Npc1-/- 
mice (over 10 weeks old) showing (A) enhanced vascularity in the ileo-colonic junction 
(circled areas and arrows) and (B) gastrointestinal tract bleeding (haematochezia) 
compared to age- and sex-matched wild-type. 

The NPC1 mouse is on a BALB/c genetic background. We challenged these mice 

with the aim of inducing colitis experimentally either chemically (DSS model) or 

using an infectious model (C. rodentium) in order to detect any differences between 

the genotypes and whether NPC1 homozygous mice may present with an 

exacerbated response. 

Upon DSS administration, female Npc1-/- mice started to show signs of weight loss 

by day 4 compared to wild-type and heterozygous mice (Figure 5.5). However, at 

this stage this weight loss might have been part of the course of NPC1 disease and 

(A) (B) 

    Npc1+/+             Npc1-/-                                       Npc1+/+                  Npc1-/- 
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not solely caused by DSS, as this weight loss was not statistically different 

compared to the non-DSS female Npc1-/- group. By day 5, the weight loss in the 

female Npc1-/- group became more significant compared to the wild-type and 

heterozygous mice and was sustained until the end of the experiment (day 8). Also, 

Npc1-/- males started to show severe weight loss in response to DSS, independent of 

their NPC1-associated weight loss (statistically significant difference between DSS 

and non-DSS male Npc1-/- mice at this point that became more profound towards 

the end of the course of the DSS challenge). By day 6, Npc1-/- females started to 

lose additional weight in response to DSS, a day later than the males. By day 7 

following the challenge, male wild-type mice started to develop signs of 

inflammation with significant weight loss in comparison to controls (non-DSS) as 

well as to female wild-types on DSS which did not lose weight throughout the 

course (compared to their non-DSS controls). Also, male Npc1-/- on DSS lost 

significant weight starting from day 6 compared to Npc1+/- but not Npc1+/+, 

consistent with the resistance to weight loss phenotype seen in NPC1 heterozygous 

mice (362). Npc1 heterozygous males started to slowly lose weight from day 5 post-

DSS; however, this was a much slower and less profound weight loss compared to 

wild-types. Although male heterozygotes weight loss in response to DSS was 

significant by day 8, male wild-type mice had a much more severe phenotype in this 

model as their weight loss by day 8 was significantly higher compared to their 

heterozygous controls on DSS. This suggests that Npc1 heterozygosity confers 

partial protection to DSS-induced colitis and associated weight loss. p-values for the 

multiple comparisons are summarised in Table 5.5. 
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Figure 5.5. Changes in body weight during acute DSS-colitis in wild-type (Npc1+/+), 
heterozygous (Npc1+/-) and homozygous (Npc1-/-) mice. Body weights presented as 
percentage of initial body weight, n=4 males and 4 females per group receiving 4% DSS in 
the drinking water (7 days on DSS followed by 2 days on sterile drinking water) and 
controls receiving sterile water for 9 days. Data are presented as means ± SEM (n=4). 
*p<0.05, **p<0.01, ***p<0.001 and **** p<0.0001, calculated using the two-way 
ANOVA with Bonferroni post-tests. * denotes comparison within same genotype and sex 
group for treated vs. untreated mice or within same sex and treatment group for one 
genotype vs. the other two genotypes, # denotes comparison within same sex and treatment 
group for Npc1+/+ vs. Npc1+/- mice, • denotes comparison within same genotype and 
treatment group for female vs. male mice. 
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In agreement with the weight loss profile, daily monitoring revealed a severe 

phenotype in male wild-type mice compare to female wild-type mice, and a slightly 

higher IBD score in this group compared to the other two genotypes, although all 

three groups started to show signs of IBD from day 5. Both groups of homozygous 

mice (males and females) behaved similarly with this regard (Figure 5.6). 

Figure 5.6. Disease severity during acute DSS-colitis in wild-type (Npc1+/+), 
heterozygous (Npc1+/-) and homozygous (Npc1-/-) mice. (A) IBD scores and (B) adverse 
effects “Ad” scores, n=4 males and 4 females per group receiving 4% DSS in the drinking 
water (7 days on DSS followed by 2 days on sterile drinking water) and controls receiving 
sterile water for 9 days. Individual mice were monitored and scored daily for IBD and 
adverse effects as described in section 5.2.3.1 (Table 5.1). Data are presented as means 
(n=4). 

Following the same pattern, histopathology scores of distal colon sections (which is 

the most affected part of the GI tract in response to DSS (363)) from all challenged 

animals and their controls showed a trend of a potential phenotype penetrance in 

females in Npc1 homozygotes and heterozygotes (similar to the trend recently 

observed NPC1 patients (Holm Uhlig, unpublished and personal communication), 

the opposite of the male bias of severe effect of DSS in male wild-type mice 

compared to females (Figure 5.7 A and C). Significantly higher scores of intestinal 

pathology were seen in male wild-types, female heterozygotes and female 

homozygotes compared to their non-DSS age and sex-matched controls (p=0.029). 

Yet, amongst challenged groups, female wild-types had a significantly more severe 
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intestinal phenotype compared to both heterozygotes and homozygotes (p=0.029). 

Whereas in male homozygotes, although had signs of inflammation in the distal 

colon, the total score did not reach statistical significance compared to their baseline 

controls (p=0.057) but it was significantly lower than their matched wild-type DSS 

mice (p=0.029). 

As for differences between genotypes, no clear signs of intestinal inflammation 

were detected in any of the control (non-DSS) groups, apart from minor histological 

changes that are normally seen at baseline in healthy mice (George Song-Zhao, 

Personal communication). Looking at mid-colon histopathology following DSS 

challenge, no clear differences were seen between genotypes (p>0.999, p=0.257 

and 0.4571 for male Npc1+/+ vs. Npc1+/-, Npc1+/+ vs. Npc1-/- and Npc1+/- vs. Npc1-/-, 

respectively and >0.999, 0.400 and 0.200 for female Npc1+/+ vs. Npc1+/-, Npc1+/+ 

vs. Npc1-/- and Npc1+/- vs. Npc1-/-, respectively) (Figure 5.7 A and B), however, in 

all genotypes, DSS-challenged animals had significantly higher scores compared to 

their sex-matched controls (except female heterozygous mice) (p=0.029) . We have 

looked at average mid- and distal colon scores to have a better overall assessment of 

more generalised phenotypes across the GI tract (Figure 5.7 A and D). In all 

genotypes, DSS-challenged animals had a significantly worse phenotype compared 

to their sex-matched controls (p=0.029). While comparing across genotypes, DSS-

wild-type animals had a significantly higher histopathology scores compared to 

their sex-matched DSS-homozygous Npc1-/- mice (p=0.029). When taken together, 

these data are consistent with partial protection from DSS-colitis conferred in the 

absence of a functional NPC1 protein (in Npc1-/- as well as Npc1+/- mice). 
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Figure 5.7. Histological assessment of disease severity during acute DSS-colitis in wild-
type (Npc1+/+), heterozygous (Npc1+/-) and homozygous (Npc1-/-) mice. (A) 
Representative H&E histological sections (original magnification x20), (B) 
histopathological scores of colitis in (B) mid-, (C) distal, and (D) average of mid- & distal 
colon, and collected on day 9, n=4 males and 4 females per group receiving 4% DSS in the 
drinking water (7 days on DSS followed by 2 days on sterile drinking water) and controls 
receiving sterile water for 9 days. Each symbol represents an individual animal and 
horizontal lines represent the mean of the group (n=4). *p<0.05, calculated using Mann–
Whitney test. Scale bar represents 200 µm.  

Other parameters of intestinal inflammation were measured at autopsy to assess the 

degree of DSS-induced damage/pathology. We observed significant shortening of 

the colon in response to DSS in wild-type and heterozygous animals, both males 

and females compared to their sex-matched non-DSS controls (p=0.029) (Figure 

5.8 A). Moreover, colon length was significantly lower in the DSS-male wild-types 

compare to the DSS-females (p=0.029), consistent with previous reports of male 
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bias in the susceptibility to DSS colitis (364). Only male homozygous DSS mice 

had a profound shortening of the colon upon DSS administration but not females 

(p=0.029 for male and p=0.143 for female mice, respectively). Colon weight as a 

measure of fluid retention and inflammation was only significantly increased in 

male heterozygous mice compared to their sex-matched controls (p=0.029) and to 

DSS challenged wild-type and homozygous male mice (p=0.029) (Figure 5.8 B). 

As this difference could be to a large extent attributed to the weight of the 

heterozygous animals in general, we have also looked at a more accurate measure of 

intestinal inflammation, colon weight: length ratio, a measure of colonic edema 

and/or hyperplasia that correlates with the degree of colonic inflammation (365). 

The calculated ratios were also in agreement with the results so far in this model, 

with marked increase in colon weight: length ratio in all the male groups upon DSS 

administration (p=0.029), moreover, this increase was the least profound in the 

homozygous group (still significantly lower than the heterozygous males, p=0.029). 

Female heterozygous mice had a significant increase in the ratio upon DSS 

administration (p=0.029) (Figure 5.8 C). 
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Figure 5.8. Disease severity during acute DSS-colitis in wild-type (Npc1+/+), 
heterozygous (Npc1+/-) and homozygous (Npc1-/-) mice assessed by change in colon 
weight, length and weight/length ratio measured at autopsy. (A) Colon length (B) 
weight and (C) weight/length ratio measured on day 9, n=4 males and 4 females per group 
receiving 4% DSS in the drinking water (7 days on DSS followed by 2 days on sterile 
drinking water) and controls receiving sterile water for 9 days. Each symbol represents an 
individual animal and horizontal lines represent the mean of the group (n=4). *p<0.05, 
calculated using Mann–Whitney test.  

We have also assessed the level of systemic involvement in response to intestinal 

inflammation, where we measure spleen mass in all animals at autopsy. Progressive 

splenomegaly is a known feature of NPC1 disease in the mouse (366), no 

differences were observed except for a slight increase in spleen mass recorded in 

male heterozygous animals upon DSS administration (p=0.029) (Figure 5.9).  

Figure 5.9. Disease severity during acute DSS-colitis in wild-type (Npc1+/+), 
heterozygous (Npc1+/-) and homozygous (Npc1-/-) mice assessed by change in spleen 
weight and length measured at autopsy. (A) Spleen weight and (B) length measured on 
day 9, n=4 males and 4 females per group receiving 4% DSS in the drinking water (7 days 
on DSS followed by 2 days on sterile drinking water) and controls receiving sterile water 
for 9 days. Each symbol represents an individual animal and horizontal lines represent the 
mean of the group (n=4). *p<0.05, calculated using Mann–Whitney test.  

In a pilot infectious challenge study, following oral infection with Citrobacter 

rodentium, all three groups maintained body weight throughout the course of the 
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study apart from homozygous mice reaching disease endpoint, where significant 

progressive weight loss was observed irrespective of the bacterial infection or 

intestinal inflammation.  

All groups developed similar phenotypes with minimum signs of intestinal 

inflammation as assessed at peak infection (day 10). Therefore, this second model 

of intestinal inflammation also failed to depict any detectable phenotype in Npc1-/- 

mice possibly due to the background of this mouse strain (BALB/c) being generally 

more resistant. BALB/c mice have a predominant Th2 response whereas C57BL/6 

have the Th1 predominant response (367). 

We also looked at bacterial load throughout the course of infection in order to 

assess any differences in bacterial handling affecting colonisation levels and 

bacterial clearance. In vitro data from cells treated with U18666A to mimic NPC 

cells have shown a defective bacterial handling (Holm Uhlig, unpublished, personal 

communication).  

All groups followed the same pattern with peak infection at day 6 to 9 and have 

almost completely cleared the infection by day 19. Of interest, a group of 

homozygous mice followed completely different infection kinetics; they did not get 

infected until very late (peaked at day 19) and took much longer to clear bacteria 

from the GI tract (up to day 33). This was the only group that was infected pre-

symptomatically. 
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Figure 5.10. Host susceptibility to C. rodentium infection in wild-type (Npc1+/+), 
heterozygous (Npc1+/-) and homozygous (Npc1-/-) mice. Mice (n=4 males and 4 females 
per group) were orally infected with C. rodentium at a dose of ~4x109 cfu/mouse. C. 
rodentium-infected mice were killed at days 10 and 19.C. rodentium load  in faeces 
measured from days 1 to 33 (D1-D33). Data are presented as means (n=4 up to D10 and 
n=2 from D11).  

Bacterial burden in the infected sites (caecum and colon) did not show any marked 

difference between the groups either at day 10 (for caecum: p=0.829, 0.657 and 

>0.999 for Npc1+/+ vs. Npc1+/-, Npc1+/+ vs. Npc1-/- and Npc1+/- vs. Npc1-/-, 

respectively, for mid-colon: p=0.829, 0.114 and 0.343 for Npc1+/+ vs. Npc1+/-, 

Npc1+/+ vs. Npc1-/- and Npc1+/- vs. Npc1-/-, respectively and for distal colon: 

p=0.657, 0.209 and 0.057 for Npc1+/+ vs. Npc1+/-, Npc1+/+ vs. Npc1-/- and Npc1+/- 

vs. Npc1-/-, respectively) or day 19 (Figure 5.11 A-C).  
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Figure 5.11. Host susceptibility to C. rodentium infection in wild-type (Npc1+/+), 
heterozygous (Npc1+/-) and homozygous (Npc1-/-) mice. Mice were orally infected with C. 
rodentium at a dose of ~4x109 cfu/mouse. C. rodentium-infected mice were killed at days 
10 and 19. (A) C. rodentium load in mid- and  (B) distal colon (C) caecum and (D) spleen, 
measured on day 10 and 19. (E) Colon length at day 10 and 19. Each symbol represents an 
individual animal and horizontal lines represent the mean of the group (D10; n=4, 2 males; 
filled symbols and 2 females; open symbols and D19; n=2 males; filled symbols). Mann–
Whitney test was performed. 
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To assess the integrity of the intestinal barrier upon infection in all groups, we 

measured bacterial burden in the spleen to determine systemic involvement caused 

by bacterial translocation. At day 10 post-infection, we observed no translocation in 

the wild-type and heterozygous mice while two of the four infected Npc1-/- had 

detectable levels (9.5 vs. 0.4 and 0.7 CFU/mg for Npc1-/- vs. Npc1+/+ and Npc1+/-, 

respectively) (Figure 5.11 D). Systemic involvement was observed in the 

symptomatic male homozygous mice as opposed to the two presymptomatic female 

homozygous mice and that corresponded with the highest infectious burden in the 

mid-colon and caecum. By day 19, all mice had no detectable bacteria in the spleen 

(Figure 5.11 D). No differences were observed in colon length between genotypes 

(Figure 5.11 E). 

Histopathological assessment of sections from infected mice collected at day 10 

(peak infection) did not shown significant difference between the three genotypes 

(p=0.829, p>0.999 and p=0.914 for Npc1+/+ vs. Npc1+/-, Npc1+/+ vs. Npc1-/- and 

Npc1+/- vs. Npc1-/-, respectively) (Figure 5.12).  

IL-22 is important for early protection against C. rodentium, it is produced by innate 

lymphoid tissue inducer cells and induces the production of antimicrobial peptides 

(368, 369). We have therefore measured the levels of secreted IL-22 in the colon, 

caecum and serum of infected animals at both time points and although there were 

no significant differences between the different genotypes (for caecum: p=0.486, 

0.486 and 0.343 for Npc1+/+ vs. Npc1+/-, Npc1+/+ vs. Npc1-/- and Npc1+/- vs. Npc1-/-, 

respectively, for mid-colon: p=0.086, 0.086 and p>0.999 for Npc1+/+ vs. Npc1+/-, 

Npc1+/+ vs. Npc1-/- and Npc1+/- vs. Npc1-/-, respectively, for distal colon: p=0.343, 

0.829 and 0.057 for Npc1+/+ vs. Npc1+/-, Npc1+/+ vs. Npc1-/- and Npc1+/- vs. Npc1-/-, 
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respectively and for serum: p=0.971, 0.914 and 0.914 for Npc1+/+ vs. Npc1+/-, 

Npc1+/+ vs. Npc1-/- and Npc1+/- vs. Npc1-/-, respectively), the caeca from the two 

female homozygous animals had elevated IL-22 levels compared to the females 

from the other two groups (Figure 5.13). 

Figure 5.12. Host susceptibility to C. rodentium infection in wild-type (Npc1+/+), 
heterozygous (Npc1+/-) and homozygous (Npc1-/-) mice. Mice were orally infected with C. 
rodentium at a dose of ~4x109 cfu/mouse. C. rodentium-infected mice were killed at days 
10 and 19. (A) Representative H&E photomicrographs of distal colon and caecum from C. 
rodentium-infected animals at day 10 (original magnification x50, Scale bar represents 200 
µm). (B) Histological inflammation scores in the mid-colon, (C) distal colon and (D) cecum 
at days 10, assessed as described in the Methods (Section 5.2.7). Each symbol represents an 
individual animal and horizontal lines represent the mean of the group (n=4, 2 males; filled 
symbols and 2 females; open symbols). Mann–Whitney test was performed. 

Np
c1
+/+

Np
c1
+/-

Np
c1
-/-

0

3

6

9

12

15

H
is

to
pa

th
ol

og
y 

Sc
or

e

Mid-Colon

Np
c1
+/+

Np
c1
+/-

Np
c1
-/-

0

3

6

9

12

15

H
is

to
pa

th
ol

og
y 

Sc
or

e

Distal Colon

Np
c1
+/+

Np
c1
+/-

Np
c1
-/-

0

3

6

9

12

15

H
is

to
pa

th
ol

og
y 

Sc
or

e

Caecum(B) (C) (D) 



Chapter 5. NPC and Inflammatory Bowel Disease 

     216 

Figure 5.13. Effect of C. rodentium infection on inflammatory cytokines in wild-type 
(Npc1+/+), heterozygous (Npc1+/-) and homozygous (Npc1-/-) mice. Mice were orally 
infected with C. rodentium at a dose of ~4x109 cfu/mouse. C. rodentium-infected mice were 
killed at days 10 and 19. Mid-, distal colon and caeca were isolated and explants were 
cultured overnight before harvesting supernatants and analysed for IL-22 in: (A) mid-colon, 
(B) distal colon, (C) caecum and (D) serum. Each symbol represents an individual animal 
and horizontal lines represent the mean of the group (D10; n=4, 2 males; filled symbols and 
2 females; open symbols and D19; n=2 males; filled symbols). Mann–Whitney test was 
performed.  

Similarly, both IL-17 and IFN-γ are involved in mediating early protective response 

in C. rodentium infection (370, 371). IL-17 levels measured in organ explant 

cultures revealed a similar pattern in the caecum with the female homozygous mice 

having a trend towards an enhanced response (Figure 5.14). 
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Figure 5.14. Effect of C. rodentium infection on inflammatory cytokines in 
wild-type (Npc1+/+), heterozygous (Npc1+/-) and homozygous (Npc1-/-) mice. 
Mice were orally infected with C. rodentium at a dose of ~4x109 cfu/mouse. C. 
rodentium-infected mice were killed at days 10 and 19. Mid-, distal colon and caeca 
were isolated and explants were cultured overnight before harvesting supernatants 
and analysed for IL-17 in: (A) mid-colon, (B) distal colon, (C) caecum and (D) 
serum. Each symbol represents an individual animal and horizontal lines represent 
the mean of the group (D10; n=4, 2 males; filled symbols and 2 females; open 
symbols and D19; n=2 males; filled symbols). Mann–Whitney test was performed. 

However, IFN-γ levels at D10 (peak infection) were significantly higher of Npc1-/- 

compared to Npc1+/+ in the caecum (p=0.029) and also in comparison to 

heterozygous animals when measured in the mid-colon (p=0.029). Similarly, 

female homozygotes had the highest response in caecal explants (Figure 5.15). 
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Figure 5.15. Effect of C. rodentium infection on inflammatory cytokines in wild-type 
(Npc1+/+), heterozygous (Npc1+/-) and homozygous (Npc1-/-) mice. Mice were orally 
infected with C. rodentium at a dose of ~4x109 cfu/mouse. C. rodentium-infected mice were 
killed at days 10 and 19. Mid-, distal colon and caeca were isolated and explants were 
cultured overnight before harvesting supernatants and analysed for IFN-γ in: (A) mid-colon, 
(B) distal colon, (C) caecum and (D) serum. Each symbol represents an individual animal 
and horizontal lines represent the mean of the group (D10; n=4, 2 males; filled symbols and 
2 females; open symbols and D19; n=2 males; filled symbols). *p<0.05, calculated using 
Mann–Whitney test.  

Unlike IL-22, IL-17 and IFN-γ; TNF is upregulated early in the course of C. 

rodentium infection as part of the Th1/Th17 elicited response (372) and reported to 

be associated with the enhanced pathology, where blockage using anti-TNF therapy 

was beneficial (373). Npc1-/- mice had significantly elevated levels of TNF in mid-

colon explant cultures at D10 compared to Npc1+/- (p=0.029), similar pattern was 

seen in the distal colon and caecum, however, this did not reach statistical 

significance (p=0.057 and 0.343 for distal colon and caecum, respectively) (Figure 

5.16). 
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Figure 5.16. Effect of C. rodentium infection on inflammatory cytokines in wild-type 
(Npc1+/+), heterozygous (Npc1+/-) and homozygous (Npc1-/-) mice. Mice were orally 
infected with C. rodentium at a dose of ~4x109 cfu/mouse. C. rodentium-infected mice were 
killed at days 10 and 19. Mid-, distal colon and caeca were isolated and explants were 
cultured overnight before harvesting supernatants and analysed for TNF in: (A) mid-colon, 
(B) distal colon, (C) caecum and (D) serum. Each symbol represents an individual animal 
and horizontal lines represent the mean of the group (D10; n=4, 2 males; filled symbols and 
2 females; open symbols and D19; n=2 males; filled symbols). *p<0.05, calculated using 
Mann–Whitney test.  

Together, the secretory cytokine profile in response to infection suggests that Npc1-

/- mice have an enhanced immune response. Although some elements of this 

enhanced immune response might be detrimental in other models while others are 

protective, the balance between these various elements may potentially have 

mediated protection in the various colitis models tested resulting in the less severe 

phenotype observed so far. 
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5.4. Discussion 

A link between the lysosome and IBD has been suggested in Hermansky-Pudlak 

syndrome (HPS) (374). This is a rare, genetically heterogeneous autosomal 

recessive disease in which HPS gene mutations affect intracellular protein 

trafficking caused by a defect in the biogenesis and/or function of lysosome-related 

organelles (LRO) (including melanosomes and platelet dense granules) (375). The 

main features and clinical presentation of this disease include platelet dysfunction 

and prolonged bleeding times, oculocutaneous tyrosine-positive albinism in addition 

to systemic involvement caused by ceroid lipofuscin storage (375). Neutropenia 

with mild immunodeficiency and pulmonary fibrosis are associated with certain 

forms of the disease (375, 376). Significantly, Crohn’s like granulomatous colitis 

develops in about 20% of HPS patients (377). It is, however, still unknown whether 

IBD in HPS develops as part of the disease process or as an independent disease 

entity (378). 

Chemically induced models of intestinal inflammation are well established and 

commonly used to study IBD in experimental animals (357). DSS (363), 

trinitrobenzene sulfonic acid (379) and oxazolone (380) are used to induce colitis in 

rodents (357). DSS has the advantage of producing colitis that could be acute, 

chronic or relapsing depending on the dose and mouse strain studied (381). Other 

factors to consider for the differential responses seen in different studies include: 

DSS properties (molecular weight, degree of sulphation, manufacturer and batch), 

genetic factors (animal strain, sub-strain and gender), microbiological factors 

(microbiological state and intestinal microbiota composition), undetermined 

environmental factors as well as protocol and tissue processing-related factors (381-

383). Gender differences in the susceptibility to DSS-colitis have been reported with 
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male mice being more susceptible and having a more severe response in the colon 

compared to females (364). 

There are numerous reports of exaggerated response to DSS-induced colitis in 

immunodeficient mouse models (384, 385). Multiple inbred mouse strain with 

varying immune defects (either in both innate and adoptive immunity or are strains 

prone to autoimmune disease) have shown to be highly susceptible to DSS colitis 

(364). 

Although the exact mechanism of action of DSS is not fully clear, it seems to 

mediate its effect via activation of macrophages and subsequent macrophage-

mediated immune response, direct toxic effects on the gut epithelia, compromising 

the integrity of the mucosal barrier and upsetting luminal microbiota composition 

(357, 363, 381). A potential explanation of the partial protection seen in Npc1-/- 

mice against DSS damage could be that lipid storage in intestinal epithelial cells 

provided protection against DSS directed toxicity. 

C. rodentium (formerly known as Cirtobacter ferundii biotype 4280), a gram 

negative aerophilic bacterium, is a pathogenic bacterial species that colonises mice 

and cause transmissible murine colonic hyperplasia (TMCH) (386) characterised by 

colonic epithelial cell hyperplasia and proliferation mainly in the distal colon, and is 

a common naturally occurring disease in laboratory mice (387, 388). C. rodentium 

infection also induces colitis and causes murine GI disease that clinically resembles 

human enteropathogenic E. coli (EPEC) and enterohemorrhagic E. coli (EHEC) 

(387). Symptoms start with diarrhoea and weight loss and histological features 

include crypt hyperplasia, proliferation of epithelial cells, infiltration of immune 

cells, goblet cell depletion and mucosal thickening (388). Bacteria mostly colonise 
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the distal colon attaching to the epithelial surface and effacing the brush border 

resulting in attaching and effacing (A/E) lesion characteristic of this infection and 

the similar human homologues EPEC and EHEC (389, 390). C. rodentium is non-

invasive and uses a type III secretion system to deliver bacterial protein effector into 

the host cell (387), making this a useful model to investigate in Npc1-/- mice for a 

potentially differential response compared to wild-type animals. Onset of the 

earliest signs occurs at day 4 following oral infection with C. rodentium and some 

signs peak with maximal mucosal thickening at day 10-12. (386). Although there is 

a significant inflammatory component in this infection; this has not been fully 

studied. The infection triggers a Th1 immune response with elevated IL-12, IFN-γ 

and TNF, characteristic of IBD (Crohn’s disease) (372). Recovery is normally 

achieved after 3-4 weeks (maximum 2 to 3 months post infection) and provides life 

long immunity in immunocompetent mice, whereas immunocompromised animals 

fail to clear the bacteria and die after 20 days. C. rodentium clearance and 

eradication is B cell dependent and is mediated via IgG (391). The C. rodentium 

model can serve as a surrogate model of human E. coli being self-limiting (no high 

mortality or morbidity associated) in most adult mice (386).  

The outcome of the infection in mice is dependent on multiple factors including the 

host genetic background (392). Some outbred and inbred strains presented with an 

exaggerated response to the bacterial challenge resulting in an accelerated severe 

manifestation of the different disease elements (hyperplasia, ulceration and 

inflammation) associated with higher mortality (392). Also, diet and host microbiota 

composition can influence the host response to bacterial infection (387), all of 

which are important factors to consider and might be influenced in Npc1-/- mice, 

contributing to the outcome of this challenge. 
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C. rodentium provides a useful model to study and characterise colitis and infection 

in the mouse. The link between infection and IBD is related to the multifactorial 

nature of these diseases and the interaction between abnormal host immune 

response triggered in response to exposure to enteric bacteria in a genetically 

susceptible host (388), several elements in NPC1 disease could therefore potentially 

trigger an abnormal response to this bacterial challenge, including autophagy and 

bacterial handling defects as well as abnormal immune response (inflammasome 

defect and TNF overproduction). 

The aim of this study was to characterise C. rodentium infection-associated 

intestinal inflammation in NPC1 homozygous and heterozygous mice in comparison 

to the outcome and severity of the inflammation in the wild-type controls for a 

potentially exaggerated/protective response/phenotype associated with Npc1 

mutation to add more power to the outcome of the DSS-colitis challenge and to seek 

a differential response to a different model of colitis that acts via a different 

mechanism. 

A previous study in Npc1-/- mice has shown that Npc1-/- mice infected with C. 

rodentium presented with delayed and less severe response to the bacterial infection 

(393). Significantly longer time was required for bacterial colonisation of the 

colonic mucosa and formation of the characteristic A/E lesion in the Npc1-/- mice 

(12 vs. 6 days) compared to their matched wild-type controls (393). Npc1-/- mice 

also failed to reach significant colonic epithelial hyperplasia compared to the 

infected controls with significantly lower production of the pro-inflammatory 

cytokine IFN-γ and elevation of the anti-inflammatory cytokine IL-10 in response to 

the infection (393). This partial protection against C. rodentium in the Npc1-/- mice 

has been suggested to be related to the reduced cholesterol in membrane lipid rafts 
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in NPC compared to wild-types not allowing A/E lesion formation (393). These 

findings suggest the role of host cholesterol content in the membrane lipid rafts in 

the formation of A/E lesion and initiation and maintenance of A/E bacterial 

infection as shown in NPC1 patients derived fibroblasts being resistant to A/E E. 

coli-induced cytoskeleton rearrangements because of the lower cholesterol rich 

microdomain in the plasma membrane where the NPC1 fibroblasts failed to form 

characteristic cytoskeletal rearrangement (protein foci) at bacterial adherence site 

with microcolonies adhering) in response to EHEP and EPEC infection, suggesting 

an important role of cholesterol in these membrane lipid rafts for the A/E lesion 

formation following EHEC and C. rodentium infection in vitro illustrating the role 

of membrane cholesterol in the pathogenesis of bacterial infectious diseases (394). 

In the current study we did not observe any difference between the three genotypes 

apart from the homozygous mice infected pre-symptomatically (at ~4 weeks of 

age), where it took them much longer to reach peak infection and longer to clear 

infection. In the previous study (393) homozygous mice were infected at 4 weeks 

but were not allowed to reach peak infection as the study had two very early time 

points (6 and 12 days) which might have corresponded to peak infection in the wild-

types. However, infection course was not long enough to reach peak infection in the 

homozygous mice (393) (mice started getting highly infected on day 14 in our 

study, Figure 5.10). Also in that previous study, inflammatory cytokine levels were 

measured from cultured splenocytes, which are not necessarily the most accurate 

reflection of intestinal inflammation (393). 

In most animal models of intestinal inflammation, as well as in IBD patients, 

inflammation is driven by IL-12/IL-23 activated Th1/Th17, which subsequently 

stimulate the production of the pro-inflammatory cytokines IFN-γ, TNF and IL-17, 
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the latter two are key mediators of intestinal inflammation in the mouse (also in 

human) (395). Immunosuppressive therapy that acts via the inhibition of IL-17 

attenuated intestinal inflammation in a chronic DSS colitis model (396). 

There are currently two opposing and conflicting theories about the role of the 

inflammasome in the pathogenesis of IBD and DSS colitis. Recent studies proposed 

a detrimental effect of NLRP3 inflammasome in the susceptibility and severity of 

chemically induced colitis (397-400), whereas others have shown evidence of the 

protective role of NLRP3 (401-403).  

Nlrp3-/- mice as well as pharmacological inhibition of caspase-1 by pralnacasan 

(inhibitor of IL-1β converting enzyme, ICE) were associated with significantly 

lower susceptibility to DSS colitis demonstrated by lower cytokine levels in the 

colon and peritoneal macrophages and lower histopathologiacal and clinical scores 

compared to their wild-type and untreated littermates (397). The reduced severity of 

colitis was more profound earlier in disease, thus Bauer et al. suggested the 

implication of NLRP3 in the early stages of the initiation of intestinal inflammation 

(397). 

Nlrp3-/-, Pycard-/- (lacking the adaptor protein component of the inflammasome; 

ASC) and Casp1-/- mice have shown to be more susceptible to DSS colitis due to 

failure to produce the biologically active form of IL-18 leading to loss of intestinal 

epithelial integrity therefore commensal bacteria dissemination resulting in 

leukocyte infiltration and stimulation of chemokine release in the colon (401). This 

study by Zaki et al. highlights the important role of NLRP3 and NLRP3-derived IL-

18 in maintaining gut homeostasis in terms of epithelial integrity, barrier 

permeability and preventing commensal bacterial overgrowth (401). 
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Another line of evidence in support of the crucial role of the inflammasome in 

maintaining gut integrity arose from using several models of Nlrp3-/-, Acs-/- and 

Nlrc4-/- mice showing increased susceptibility to C. rodentium infectious model of 

colitis suggesting the protective role of these inflammasome components in IBD 

(361, 404). 

The conflicting role of the NLRP3 inflammasome in the development of IBD, 

whether it has a protective or a detrimental effect in response to DSS, could also be 

explained by the type of cells where inflammasome activation takes place, for 

example in macrophages, inflammasome activation (as occurs in chronic exposure 

to insult or DSS) in intestinal immune cells results in subsequent activation of the 

biologically active pro-inflammatory cytokine IL-1 and IL-18 and further tissue 

damage. Whereas in response to acute injury (as in acute DSS), inflammasome 

activation occurs in the intestinal epithelia cells with the subsequent release of 

active cytokines such as IL-18 for intestinal epithelial cells proliferation and repair 

(Figure 5.17) (http://www.rndsystems.com). 
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Figure 5.17. The role of NLRP3-mediated IL-18 secretion in intestinal inflammation. 
NLRP3 inflammasome can be either protective or detrimental in the intestine and this 
depends on the type of cell in which it is activated. For example, in DSS-colitis, 
inflammasome activation takes place in intestinal epithelial cells (IECs) and the resulting 
IL-18 secretion is important for IEC proliferation and regeneration minimising damage in 
intestinal mucosa and secondary recruitment of immune cells in lamina propria. Whereas in 
chronic DSS challenge, inflammasome activation takes place in intestinal immune cells, 
resulting in overproduction of inflammatory cytokines and tissue damage (Adapted from: 
http://www.rndsystems.com). 

IL-1β production both in murine Npc1-/- resident peritoneal macrophages and in 

U18666A cellular model of NPC has been shown to be impaired compared to wild-

type cells. In both models (murine Npc1-/- resident peritoneal macrophages and 

U18666A cellular model), the priming step of NLRP3 inflammasome activation 

seems to be partially impaired with affecting pro-IL-1β and pro-caspase-1 

expression in drug treated cells compared to untreated cells. Similarly, LPS-induced 

pro-IL-1β and pro-caspase-1 expression was also impaired by pre-treatment with 

U18666A. The inflammasome-independent cytokine TNF was elevated by LPS in 

U18666A-treated macrophages (Nick Platt, personal communication). 

The figure originally presented here cannot be made freely available via ORA 
because of ‘copyright’.
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Gut microbiota play a role in maintaining brain function and many studies have 

shown that disturbances of gut microbiota composition are associated with CNS 

pathology, manifested in psychological and behavioural changes (405). The 

communication between the brain and the gut is bidirectional (406). Intestinal 

microbiota mainly affect stress-related behaviour and manipulation of microbiota 

composition can induce a state of anxiety, depression and behavioural changes in 

animals (407). IBD-associated anxiety and depression are quite common and more 

profound in active disease, with about 50-90% of IBD patients presenting with 

psychiatric manifestations as well (408). These observations raised the interest in 

the link between these anatomically distinct systems. Studies in germ-free mice 

have shown that the composition of gut microbiota influences post-natal brain 

development and the development of the pituitary-hypothalamic-adrenal axis (409), 

affecting behaviour, stress and pain response (410-412). The link between the two 

systems is postulated to be via regulation of immune cells and inflammatory 

response in the gut affecting brain development and neural plasticity (413). The link 

between the two systems could suggest that in NPC diseae; CNS disease could 

potentially predispose to IBD through the interaction between the two systmes. 

The NPC1 protein is thought to be a sphingosine transporter moving sphingosine 

from the lysosomal lumen to the cytosol where it can be then phosphorylated to 

sphingosine-1-phosphate (S1P) (4). It is therefore plausible to suggest that there 

would be a reduction in the intracellular content of S1P in NPC1-deficient cells and 

subsequent down regulation and disruption of S1P signalling pathways. 

Sphingolipid metabolism is induced by cytokines, which activate sphingosine 

kinase (SK) (414). S1P is a pro-inflammatory lipid and its role in inflammatory 

bowel disease was illustrated by challenging Sk1-/- mice with DSS (415). TNF 



Chapter 5. NPC and Inflammatory Bowel Disease 

     229 

stimulates SK1, which is in turn is essential for mediating TNF's effects (415). Sk1-/- 

mice had a significantly less severe phenotype in response to DSS compared to 

wild-type mice (415). This highlights the potential use of SK1 inhibitors as 

therapeutic agent for managing diseases with inflammatory components whether 

systemic or localised and implicates sphingosine and its metabolites in 

predisposition to IBD in NPC disease (415, 416). 

NPC1 patients have an abnormal bile acid composition with an increased excretion 

of sulfated and conjugated forms of 3β-hydroxy-, 3β-hydroxy-7-oxo-, and 3β,7α/β-

dihydroxy-5-cholenoic acids (417, 418). Such abnormal composition could 

precipitate for further downstream defects (such as dysbiosis and synthesis of 

endogenous compounds via regulation of gene expression). 

The role of bile acid composition in the maintaining normal gut microbiota has been 

demonstrated in a study by Devkota et al. (419). This study has implicated the 

consumption of diet high in saturated fats (milk fats) as a risk factor for the 

development of IBD (419). Saturated fats altered the composition of BAs with 

subsequent dysbiosis (419). This in turn resulted in defective immune status in 

conventional and specific pathogen free (SPF) mice, leading to the development of 

colitis in genetically susceptible host (immunodeficient mice, Il10-/-) compared to 

wild-types (419). Saturated fats, being hydrophobic, stimulate the taurine 

conjugation of bile acids (420) producing more sulphur to be used by pathogenic 

suphur-reducing bacteria B. wadsworthia (of the Deltaproteobacteria phylum), 

which expand under these conditions (419). Similarly, colitis developed in the Il10-/- 

mice fed normal diet supplemented with taurocholic acid (419). There is also a 

possibility that by-product of this process, hydrogen sulphide (H2S) also potentially 

thought to have detrimental effect on intestinal mucosal barrier, eliciting a 



Chapter 5. NPC and Inflammatory Bowel Disease 

     230 

synergistic immune response (419). Together, these events can lead to intestinal 

inflammation in genetically susceptible host shifting immune response toward an 

unbalanced chronic localised intestinal inflammation (Figure 5.18 and Figure 

5.19). BA dyshomeostasis (altered composition with abnormal BAs present and 

other main BAs deficient) and dysbiosis in NPC disease could therefore lead to 

IBD. 

 

 

Figure 5.18. Proposed experimental model of the role of dietary risk factor (high fat 
diet, saturated or milk derived fats in particular) affecting bile acid composition in the 
development of IBD in genetically susceptible host. PUFA; polyunsaturated fat, MF; 
milk-derived fat, TC; taurocholic acid and GC; glycocholic acid, Deltaproteobacteria is the 
sulphate-reducing bacterial phylum that is associated with IBD, Firmicutes and 
Bacteroidetes are the two major bacterial phyla (Adapted from (419)). 

 

 

 

 

The figure originally presented here cannot be made freely available via ORA 
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Figure 5.19. The pathogenesis of dietary-induced dysbiosis and subsequent colitis in 
susceptible hosts. Milk fat induced the formation of taurine-conjugated bile acids, this 
facilitates the flourishing of Bilophilia wadsworthia. Which in turn induces the secretion of 
inflammatory cytokines by macrophages and dendritic cells. These in turn induce Th1-
mediated IFN-γ release and subsequent colitis. An alternative pathway could exist, where B. 
wadsworthia deconjugation of taurine result in hydrogen sulphide formation which could in 
turn have a deleterious effect on intestinal mucosal barrier and inhibit butyrate metabolism 
in colonic epithelial cells. Abbreviations: IFN, interferon; IL, interleukin; TH1, T-helper-1 
(Adapted from (421)). 

Dietary-animal model of colitis has been also proposed further supporting the role 

of diet and BA in the development of IBD (422). Since high fat diet was associated 

with elevated levels of the secondary BA deoxycholate in human faeces (423) 

(potentially also elevated in the colon), this property was utilised to induce colitis in 

normal wild-type mice (422). Mice fed diet supplemented with 0.2% deoxycholate 

for 8 months developed colitis, with characteristic gene expression changes, 

molecular and cellular changes similar to those seen in IBD (422) (Figure 5.20). 

The figure originally presented here cannot be made freely available via ORA 
because of ‘copyright’.
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Figure 5.20. Schematic diagram summarising the major molecular and cellular events 
contributing to the development of colitis in response to chronic exposure to 
deoxycholic acid (as in DOC-induced colitis) (Modified from (422)). 

In addition, studies on patients with active and remission Crohn’s disease or 

ulcerative colitis have shown similar findings with regard to the role of gut BA 

homeostasis in intestinal integrity (356). Patients with active IBD have altered gut 

luminal BA composition with higher faecal conjugated and sulphated BAs and 

lower levels of secondary BAs (also in the serum), due to IBD-associated dysbiosis 

and subsequent BA dysmetabolism (impaired deconjugation, transformation and 

desulphation) (356). The most abundant bacteria in human intestinal lumen include 

Bacteroidetes and Firmicutes, (424), which are the major BA deconjugating species 

(425). In IBD patients, bacteria of the Firmicutes phylum are reduced (356). 

The antimicrobial function of bile acids has been an area of great interest (426-428). 

Conjugated bile acids in the lumen of the small intestine are known inhibitors of 

bacterial growth both in vitro (427) and in vivo, via regulating the expression of 

intestinal innate immunity (428). Unconjugated BAs, however, have more potent 

antimicrobial effects than conjugated BAs (426). Furthermore, the antimicrobial 
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effects of conjugated BAs, have been suggested to be rather exerted by the 

associated long chain fatty acids (429) present in the mixed micelle (430). 

Conjugated BAs effect is mediated via the FXR, upregulating genes involved in 

maintaining intestinal epithelial integrity and preventing bacterial overgrowth (428) 

such as nitric oxide synthetase (iNOS), nitric oxide in turn also possess 

antimicrobial activity (430). Ligation of bile duct in wild-type animals was 

associated with a massive increase in intestinal bacterial growth and dissemination 

(431), which was responsive to FXR agonist and unlike FXR deficient mice (428). 

BAs are thought to mediate their antibacterial effect via two different mechanisms; 

in the duodenum and jejunum where the concentration are relatively higher, 

conjugated BA and associated fatty acids exert their effects utilising their 

pharmacological properties, whereas in the ileum where conjugated BAs are 

actively absorbed and there should be virtually no fatty acids, absorbed conjugated 

BAs act through activation of nuclear receptors (FXR) in the enterocytes (430) 

(Figure 5.21). 
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Figure 5.21. Mechanisms of inhibition of bacterial overgrowth by conjugated bile 
acids in the human small intestine. In the duodenum and jejunum, conjugated bile acids 
and associated fatty acids pharmacologically inhibit bacterial growth. In the ileum, 
conjugated bile acids activate FXR in the enterocyte inducing the production of 
antimicrobial factors from the epithelium (solid line) or activating other pathways beyond 
the epithelial cell resulting in the inhibition of luminal bacterial overgrowth (dashed line) 
(Adapted from (430)). 

BAs and associated fatty acids are therefore additional components of intestinal 

innate immunity along with gastric acidity, bile and intestinal epithelium IgA, gut 

motility and Paneth cell-secreted anti-microbial peptides such as defensin (430, 

432). The potential lack of the anti-microbial action of BAs in NPC disease (due to 

BA dyshomeostasis) could therefore also be contributing to the development of IBD 

in NPC. 

It is an appealing mechanism to propose that due to cholesterol sequestration in the 

lysosome in NPC disease, and subsequent down-regulation of BA synthetic 

enzymes, BA dysmetabolism and altered intestinal BA homeostasis could possibly 

lead to the development of Crohn’s-like pathology in this disease. This could be 

accomplished via two related mechanisms which feed into each-other leading to a 

continuous loop; defective BA homeostasis in the gut promote the flourishing of 

pathogenic bacteria possibly causing localised inflammation (provided host is 

The figure originally presented here cannot be made freely available via ORA 
because of ‘copyright’.
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genetically predisposed, which is believed to be the case with impaired immune 

response as part of NPC disease, manifested in peripheral and CNS inflammation). 

This dysbiosis in turn results in further BA dysmetabolism with more conjugated 

and sulphated BAs, further promoting the expansion of the pathogenic sulphur-

reducing microorganisms. Additionally, altered BA homeostasis may result in the 

loss of their anti-inflammatory actions (a property of secondary BA (355)). 

There are multiple components of NPC disease that could be responsible for the 

lack of the anticipated exaggerated response to induced colitis models, as seen in 

normal mice. The lipid profile of NPC1 deficient cells could have exerted an effect 

of which cholesterol sequestering in the LE/Lys (156) seems to be of major 

contribution, although this requires investigating experimentally. 

The ATP binding cassette transporter A1 (ABCA1) plays a role in glucocorticoid 

production and therefore confers protection against IBD and was identified as a 

susceptibility gene in human genome screening of families with IBD (433). Over-

expression of ABCA1 in active ulcerative colitis has been reported and suggested to 

play a role in reducing intracellular cholesterol and oxidised molecules (ROS) 

(434), these effects are known to be exerted by intracellular cholesterol among other 

lipids as cholesterol has been shown to induce an inflammatory response (435). IBD 

patients have significantly elevated levels of ROS compared to healthy controls 

(more pronounced in Crohn’s disease than ulcerative colitis) and oxidative stress 

seems to be an active component during the course of active IBD (436). A similar 

observation has been made in mice lacking anti-oxidative enzymes where they 

developed a characteristic crypt lesion and colitis similar to what is seen in 

ulcerative colitis (437). Oxidative stress in NPC disease could therefore be another 

predisposing factor to IBD, especially with the similarities between NPC cells and 
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ABCA1 deficient (Tangier) cells. Tangier disease, an autosomal recessive disease, 

is caused by mutations in ABCA1 and is characterised by high-density lipoprotein 

(HDL) deficiency, sterol deposition in tissue macrophages, and atherosclerosis. 

ABCA1 is responsible for reverse cholesterol transport (438). Tangier disease has 

recently shown multiple cellular and molecular aspects in common with NPC 

disease. Tangier patient fibroblasts exhibited enlarged lysosomal compartments, 

disrupted endocytic trafficking, cholesterol accumulation, increased sphingomyelin 

and GSL levels, and defective calcium levels in the acidic stores similar to 

phenotypes observed in NPC patient fibroblasts. Indeed, an adult Tangier patient 

was responsive to miglustat with significant neurological and systemic 

improvement (Colaco et al. unpublished data, manuscript in preparation). 

The role of cholesterol in IBD is further illustrated by the role of ApoA4, a 

component of intestine-derived lipoprotein that is involved in ABCA1-mediated 

cholesterol reverse transport (439, 440). Intracellular cholesterol is transported via 

ABCA1 to the ApoA1-4 component of HDL (440). Its anti-atherogenic properties 

have been attributed to this role in reverse cholesterol transport, in addition to its 

anti-oxidative properties (441). ApoA4 has been also reported to have anti-

inflammatory activity evident from its ability to markedly alleviate DSS colitis in 

mice given i.p. injection of human recombinant ApoA4 (442). In contrast, ApoA4 

KO mice have a significantly worsening of the phenotype amenable to improvement 

upon administration of exogenous ApoA4 (442). These anti-inflammatory 

properties were attributed to P-selectin inhibition by ApoA4 (442). Inhibition of P-

selectin prevented subsequent leukocyte and platelet adhesion (442). However, 

some of the anti-inflammatory effects of ApoA4 could also be attributed to its anti-

atherogentic actions (442). ApoA4 stimulates the efflux of intracellular cholesterol 
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therefore reducing its pro-inflammatory effects (442). It could be a primary effect or 

secondary effect via its cholesterol modulating activity. 

Inflammation, as well as other harmful cellular processes, requires cholesterol 

trafficking into the ER (from the lysosome) (435, 443). It is therefore possible that 

cholesterol trapping into the lysosome (whether full or partial) produces a beneficial 

blockage of these intracellular pathways with subsequent anti-inflammatory and 

anti-atherogenic effects. Again, heterozygosity of the Npc1 mutation seems to 

maintain the best balance between beneficial pro- and anti-inflammatory activities 

(443). Several studies have reported an intermediate phenotype in the Npc1 

heterozygotes including an abnormal intermediate metabolite profile, for instance in 

the feline model (444). 

As NPC1-deficient cells have under-expression of some LXR target genes and 

associated products (445), these cells might share similar properties with 

proliferative cells (446). However, with cholesterol being trapped in the LE/Lys and 

not converted to active LXR ligands, LXR activation, and subsequent cholesterol 

metabolism and lack of its proliferative action won’t be achieved. On the other 

hand, sequestered free cholesterol in the LE/Lys won’t be available intracellularly to 

exert its proliferative effects conferring a degree of protection (446). 

Interestingly, the main innate immune response regulator genes associated with 

Crohn’s disease, but not ulcerative colitis, are two autophagy regulating genes: 

ATG16L1 and IRGM and NOD2 (which has shown to form a complex with 

ATG16L1 at the cytoplasmic membrane) emphasising the role of bacterial 

recognition and intracellular processing in the pathogenesis of Crohn’s disease 

which is also in favor of the hypothesis of a defective autophagy in Crohn’s disease 
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with inefficient handling of intracellular pathogens. LRRK2 is another IBD 

susceptibility genes involved in regulating autophagy (447). With the role of 

bacterial recognition, handling and autophagy in the pathogenesis of IBD; defecs in 

these pathways in NPC disease could potentially increase the susceptibility to IBD. 

These GWAS studies have highlighted the potential link between IBD and the 

associated extra-intestinal inflammation conditions (i.e. ankylosing spondylitis, non-

drug induced osteoporosis) and autoimmune diseases (i.e. asthma, multiple 

sclerosis, type 1 diabetes, autoimmune thyroid disease, and coeliac disease) sharing 

susceptibility loci (448). This could support the hypothesis that generalised extra-

intestinal inflammation seen in NPC1 disease could predispose to IBD. 

NOD2/CARD15 (also IBD1) was the first identified susceptibility gene loci in 

Crohn’s disease followed by IBD5, IL23R and ATG16L1, all validated in multiple 

studies (449-458). Gene loci implicated in Crohn’s disease play a crucial role in 

innate immunity, autophagy and phagocytosis highlighting the contribution of these 

pathways in Crohn’s disease pathogenesis (455, 456). Although functional gene 

network analysis did not reveal a direct interaction/overlap between NPC and key 

IBD and IBD-like monogenic genes (Holm Uhlig, unpublished), several pathways 

implicated in the pathogenesis of IBD (and their associated gene were identified as 

susceptibility loci), are also defective to certain degree in NPC disease (such as TNF 

overproduction and autophagy defect) (454, 455, 459). 

Recent studies have reported defective bacterial handling and phagocytosis in NPC1 

cells, also NPC1 dysfunction is associated with increased basal autophagy, as 

shown in both Npc1-/- mice and patient-derived fibroblasts thorough upregulation of 

class III phosphoinositide 3-kinase and beclin-1 but not Akt-mTOR-p70 S6K 
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pathway (460-462). However, this upregulation of autophagy is coupled with failure 

to clear autophagosomes and lysosomes in NPC disease (195).  

Autophagy is crucial for host defense against C. rodentium and in regulating 

intestinal resistance to C. rodentium infection. Mice with conditional deletion of the 

autophagy protein Atg7 in the intestinal epithelium had an exacerbated response to 

C. rodentium infection with upregulation of the proinflammatory cytokines in the 

large intestine. Moreover, clearance of C. rodentium was significantly reduced in 

Atg7 knonckout mice (463). Also, mice deficient in the autophagy protein Atg16L1 

(chimeric mice with Atg16L1 deficient haematopoietic cells) presented with a more 

severe phenotype (significant weight loss and mortality) in response to DSS with 

significantly elevated levels of the proinflammatory cytokines IL-1β and IL-18 

compared to the control chimeric mice expressing the wild-type Agt16L1 protein 

(464). This phenotype was responsive to IL-1β and IL-18 neutralising antibodies 

with marked improvement (464). On the other hand the role of autophagy in 

chemically induced colitis is not clear. Mice with Atg7 deletion in intestinal 

epithelial did not show to have an abnormal response to DSS induced colitis 

compared to the control mice and deletion of this autophagy protein did not affect 

their susceptibility to DSS colitis and only affected Paneth cell granule formation 

(mice only had smaller granules and less lysozymes in Paneth cells) suggesting the 

dispensable nature of this protein in the host intestinal immune defense/homeostasis 

(465). 

Natural killer (NK) cells emphasise the role of innate immunity in clearing enteric 

pathogens including C. rodentium infection. NK cell depleted mice had a higher 

bacterial load with disseminated infection to other organs, higher colonic bacterial 
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colonisation associated with milder inflammation caused by less cytokine 

production and immune cell recruitment due to the lack of NK cells. NK cells also 

exert a direct cytotoxic effect against C. rodentium in vitro (466). Marked systemic 

reduction in NK cell frequency is seen in Npc1-/- mice and patients, due to 

sphingosine misstrafficking in the lysosome and subsequent reduction in S1P levels 

affecting S1P gradient formation required for migration of NK cells from lymphoid 

tissues to other systemic organs (467). This NK cell defect in Npc1-/- mice could 

therefore have contributed to the phenotype observed in both challenges (DSS and 

C. rodentium infection) with prolonged infection period and less severe 

inflammation with lower cytokine levels seen in the Npc1-/- and Npc1+/- mice. 

Although NPC1 disease is associated with a chronic overproduction of TNF, it 

would be important to identify the mechanism by which the overproduction of this 

proinflammatory cytokine is induced. Several animal models with characteristic 

overproduction of TNF present with varying phenotypes depending on the 

mechanism and kinetics of TNF overexpression (468). For instance, TNF ARE-

deficient mice have both rheumatoid arthritis and IBD phenotypes due to the 

functional mutation of the regulatory ARE (conferring stability and overexpression 

of TNF mRNA systematically including synovial sites) (469). TTP KO mice 

(tristetraprolin, a TNF ARE regulatory binding protein that inhibits TNF 

overexpression in macrophages) have rheumatoid arthritis (470). TIA1-deficient 

mice (T-cell intracellular antigen, which also binds to TNF ARE and inhibits the 

translation of TNF mRNA) present with no inflammatory condition as a result 

(471). This is mainly attributed to the kinetics and nature of the defect, ARE 

mutation also confers loss of responsiveness to anti-inflammatory mechanisms (thus 

resulting in chronic inflammatory condition; IBD) which is intact in TTP KO mice 
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leading to anti-inflammatory response and quick drop in TNF levels (468). 

The effects of the overexpression of TNF and TNF receptor death pathway genes in 

Npc1-/- mice (in brain and liver and contributes to liver disease) (69, 153, 472) could 

imply the potential enhanced susceptibility to IBD in this disease. The link between 

abnormal cytokine levels and IBD has been defined (473), with TNF being the most 

implicated in the pathogenesis of IBD (373) and the reported efficacy of anti-TNF 

therapy in IBD patients (474). TNF affects both innate (475) and adaptive (476) 

immune responses and also targets both immune (477) and non-immune (478) cell 

types in the intestine leading to sustained intestinal inflammation. The TnfΔARE  

mouse, engineered with a post-translational defect in the regulation of TNF mRNA, 

presents with a Crohn’s like intestinal inflammation and has been a useful model for 

studying the contribution of TNF and the underlying mechanisms (469). It appears 

that regardless of the mechanism of TNF overproduction, TNF-mediated IBD 

results form the activation of Th1 CD8+ T cell response with subsequent production 

of IL-12 and IFN-γ via the activation of two kinases Tpl2 and JNK2 but not MK2 

(479). Pathogenic differences between myeloid and T cell driven TNF have also 

been suggested. The CD8+ T cell model of intestinal inflammation as seen in the 

TnfΔARE mouse is characterised by an ileal localisation of inflammation as opposed 

to the CD4+ T cell model of colonic inflammation (473). 

PBMCs and human monocyte derived macrophage treated with U18666A to induce 

NPC1 phenotypes produced much lower levels of TNF in response to LPS 

challenge compared to DMSO treated cells (Holm Uhlig, unpublished, personal 

communication). This might explain the differential susceptibility to induced colitis 

in Npc1-/- mice compared to wild-types and heterozygotes, since these mice have a 
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constitutive overproduction/overexpression of TNF but potentially a defect in 

inducible production. 

The role of intracellular calcium in IBD pathogenesis has not been investigated, 

however, we believe it might play a role as mice with defective acidic store calcium 

release (two-pore channel 2 knockout, TPC2 KO mice) presented with an 

exaggerated response to DSS challenge compared to wild-types (Nicoli et al., 

unpublished data). This would implicate acidic store calcium filling defect in NPC 

cells in the potential pathogenesis of IBD in NPC disease, as it leads to subsequent 

impaired calcium release in common with TPC2 deficient cells (Figure 5.22). 

Predisposition factors to IBD in NPC could therefore potentially be an early cellular 

event such as reduced acidic store calcium release, which would need further 

investigation. 

Figure 5.22. Proposed mechanism of the link between lysosomal calcium homeostasis 
and IBD. 
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Crohn’s-like intestinal inflammation in NPC patients support the existence of real 

link between the two diseases. Excluding miglustat as a precipitating factor, there 

are other key elements of NPC disease which could potentially predispose to IBD, 

including altered immune regulation and BA dyshomeostasis (Table 5.6). Targeting 

these elements, for example using anti-inflammatory therapy (small molecule or 

TNF-targeting biologics) and BA supplementation could represent a promising 

therapeutic approach to alleviate Crohn’s-like intestinal inflammation in NPC 

patients. Due to the chronic, debilitating nature of Crohn’s disease, early diagnosis 

as well as early intervention would be crucial and might affect prognosis. 

Summary	 of	 potential	 predisposing	 factors	 that	 could	 lead	 to	 Crohn’s-like	

intestinal	inflammation	in	NPC	

• IBD	in	other	LRO	disease	(HPS).	

• Cholesterol	intracellular	pro-inflammatory	effects.	

• NLRP3	inflammasome	defect.	

• The	link	between	the	gut	and	the	CNS.	

• BA	dyshomeostasis	and	subsequent	dysbiosis. 

• Oxidative	stress	and	ROS.	

• Generalised	TNF-dominated	extra-intestinal	inflammation.	

• Autophagy/phagocytosis/bacterial	handling	and	clearing	defect.	

• Impaired	innate	immunity	(NK	cells	defect).	

• Acidic	store	calcium	filling	defect	(insight	from	the	TPC2	KO	mouse).	

Table 5.6. Summary of potential predisposing factors to IBD in NPC disease. 



 

 

 

 

 

 

 

 

 

 

 Concluding Remarks Chapter 6.



Chapter 6.  Concluding remarks 

     245 

6.1. General discussion and conclusions 

In this thesis I aimed to study novel approaches to treating NPC disease, based on 

targeting unique steps in the pathogenic cascade. In the course of these studies I 

uncovered a novel drug metabolism defect in Npc1-/- mice that in turn has suggested 

some new approaches to treating NPC disease. 

The defect in the CYP450 system in NPC disease (Chapter 2) came to light when 

evaluating liver metabolised drugs such as curcumin and ibuprofen in these mice. 

Efficacy of treatment in Npc1-/- mice using compound at doses tolerated in other 

strains and models was investigated. We observed toxicity of these drugs in Npc1-/- 

mice at doses that were well tolerated in other mouse strains suggesting a potential 

defect in xenobiotic metabolising capacity. We found a reduction in multiple 

CYP450 catalysed reactions in the mouse and cat models of NPC1 disease and also 

post-mortem liver samples from NPC patients. Also, downregulation of multiple 

Phase I (CYP450) and Phase II (UGT) genes was detected throughout the life span 

of the Npc1-/- mouse, compared to wild-type mice (presenting at as early as 7 days in 

some cases), similarly patients also had marked down-regulation of multiple CYP 

isoforms. The implications of these findings were further investigated by studying 

the pharmacokinetics of a CYP3A substrate in homozygous, heterozygous as well 

as wild-type mice showing impaired clearance of both the parent compound and its 

metabolite in the homozygous Npc1-/- mice along with an intermediate impairment 

in clearing the metabolite in heterozygous animals. Impaired drug metabolism could 

potentially have implications for both animal studies trialling liver metabolised 

compounds, but also the treatment and management of NPC patients as well as 

careful consideration of whether carriers have full drug metabolism function. 

Interestingly a similar phenotype has been previously reported in other 

The text originally presented here cannot be made freely available via ORA.
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neurodegenerative disease (Parkinson’s disease), affecting both Phase I and Phase II 

metabolism with subgroups of patients having reduced capacity of sulphur 

metabolism (S-oxidation) and altered substrate specificity (480, 481).  

The field of experimental therapeutics in NPC disease has grown extensively over 

the past decade (reviewed in Chapter 1). We therefore aimed to assess a range of 

therapeutic approaches in the mouse model that targets multiple steps in the 

pathogenic cascade (Chapter 3). A main focus of this thesis was the inflammatory 

aspect of the disease, as well as the potential use of curcumin as a calcium 

modulating compound to compensate for insufficient calcium release from the 

lysosome in NPC disease. A compound (vinpocetine) with a previously 

unappreciated anti-inflammatory properties was investigated at two doses and 

different effects were seen, although functional benefit was seen with the higher 

dose, the lower dose resulted in a marked increase in the life span of the mice. 

TNF-targeting biologics were tested in the NPC1 mouse model for the first time. 

NPC has a TNF-dominated pro-inflammatory cytokine profile and as an antibody-

based therapy, it offers the advantage of avoiding the drug metabolism defect. The 

anti-TNF biologics are in human use in other diseases (e.g. Remicade for Crohn’s 

disease intestinal inflammation (482)). Four of these biologics were tested and were 

all beneficial at the early symptomatic stage; however, saline injected mice were 

also improved illustrating the benefit of rehydration on its own (particularly when 

given i.p.). However, at a later disease stages Humira (and to some extent Enbrel) 

had an additional functional benefit over the PBS injected controls, suggesting an 

effect of the treatment itself (antibody or protein). This suggests the anti-

inflammatory effect potentially penetrating the CNS and improving neurological 

function. The efficacy of Humira pointed to the possibility that blood-brain barrier 
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integrity is potentially compromised at later disease stage, which would need further 

investigating and could have major implications to the therapeutic side.  

Calcium modulating agents were then evaluated (curcumin-related analogues) in 

various doses and in two colonies (old colony environmentally exposed, the new 

colony barrier maintained). Initial results in the old colony with the optimal 

determined dose (37) were consistent with the reported findings of efficacy of this 

treatment. The reformulation into pellets to increase consumption was beneficial in 

terms of motor function and slight increase in survival but it did not produce a 

beneficial effect on tremor. A curcuminoid mixture consisting of curcumin, 

desmethoxycurcumin and bisdesmethoxycurcumin was also reformulated into 

pellets and administered at the same dose, this treatment was associated with a 

similar effect as the pure curcumin pelleted diet, except for its lack of efficacy on 

the life span of treated mice. A slightly higher dose of curcumin appeared to be 

toxic to mice from the old colony (with weight loss and loss of activity very early 

on).  

All treated animals from this colony had a worsening of tremor (except for the 

initial trial with the optimum dose), suggestive of a negative effect in the “old” 

colony treated with high curcumin doses. Revisiting the higher dose of curcumin in 

the new colony resulted in tolerability, to some extent, to the 250 mg/kg dose, but 

possibly not he 300 mg/kg dose. Interestingly, neither treatment increases the 

tremor of the treated mice, in the new colony, possibly due to reduced 

environmental exposure to xenobiotics and infections. Two issues appeared with 

respect to curcumin therapy in terms of dosing and purity. The use of an optimum 

dose that would have efficacy with no toxicity as well as using the most pure 

curcumin form would possibly be the best approach. Curcumin’s clear benefit as a 
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calcium modulator is offset by this compound being a liver metabolised, and not 

only that it is a known inhibitor of the cytochrome P450 system so its negative 

effects at high doses are not surprising in light of our discovery that the CYP450 

system is compromised in NPC. The question was could a strategy be developed to 

improve its tolerability? 

While using UDCA supplementation to upregulate CYP450 gene expression and 

successfully compensated for the CYP450 defect, the functional benefit of this 

treatment led to the assessment of this treatment in combination with the high dose 

curcumin (to assess whether this approach would provide protection from toxicity in 

vivo) and combination with NB-DGJ was also performed. Apart from weight loss 

associated with UDCA, the combination of curcumin with UDCA resulted in partial 

protection form the negative effect of either compound alone and the addition of 

NB-DGJ added significant benefit to the combination therapy. 

In the context of evaluating therapeutic agents in NPC disease, two neuroprotective 

and neurorestorative compounds, cogane and myogane (Chapter 4), were assessed 

in vitro, and had no effects at the cellular level in terms of inducing or correcting 

NPC disease cellular phenotypes. Myogane was also tested in the NPC1 mouse 

where it showed functional benefit at the lower doses as well as a significant anti-

inflammatory effect in the CNS and slight protection from demyelination. With 

their ability to readily cross the blood-brain barrier and their safety and tolerability 

established in pre-clinical models of other neurodegenerative conditions, these 

compounds might represent another class of therapeutics for NPC disease, which 

are the subject of interest and development by a small pharmaceutical company 

(Phytopharm). Comparison of the efficacy of the various treatments investigated in 

this thesis is summarised in Table 6.1. 
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Therapy Survival Body weight Rearing activity Tremor 

Vinpocetine,  
10 mg/kg 

--- ê é ê at early stage 
(not significant) 

--- 
é at later sage 

Vinpocetine,  
2 mg/kg 

é	 ê	 ---	 ê at early stage 
(not significant) 

--- 
é at later sage	

Humira 
é compared 

to untreated 
controls	

--- é ê at later stage 

Enbrel ---	 --- é at later stage 
(not significant) 

ê at later stage 
(not significant) 

Remicade ---	 ê transient at 
8 and 9 weeks 

é at later stage 
(not significant) 

ê at later stage 
(not significant) 

Curcumin,  
150 mg/kg 

é	 --- --- ê 

Curcumin,  
250 mg/kg 

é (not 
significant)	

ê  
(not significant)	

ê at later stage 
(not significant)	

---	

Curcumin (P),  
150 mg/kg 

é (not 
significant)	

---	 é	 é at later stage 
(not significant)	

Curcuminoids (P), 
150 mg/kg 

é (not 
significant)	

---	 é	 é at later stage 
(not significant)	

Curcumin, 
 250 mg/kg 

é (not 
significant)	

ê  
(not significant)	

ê at later stage 
(not significant)	

---	

Curcumin, 
 250 mg/kg 

(new colony) 

--- é early stage  
(not significant)	

é ---	

Curcumin, 
 300 mg/kg 

---	 é early stage  
(not significant), 
loss delayed by 

1 week	

---	 ---	

NB-DGJ é	 é é  
(not significant) 

ê at later stage 

UDCA ---	 ê é é 

UDCA+Curcumin 
300 mg/kg 

---	 --- é  
(not significant) 

ê at later stage 
(ê vs. 

curcumin alone, 
not significant) 

UDCA+NB-DGJ 

é	 é	 é	 ê  
(ê vs. NB-DGJ 

alone, not 
significant) 

UDCA+NB-
DGJ+Curcumin 

300 mg/kg 

é	 é é ê 

Myogane 0.1 mg/kg 

---	 é	 é	 ê at 10 weeks 
(not significant) 

é 
(not significant)	

Myogane 1 mg/kg 

---	 é	 é	 ê at early stage 
(not significant) 
é at late stage 
(not significant)	

Myogane 10 mg/kg ê (not 
significant)	

---	 é (not 
significant)	

---	

Table 6.1. Summary of the outcome of the various therapeutics trialled in this thesis. 
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The outcome of therapeutic trials in mouse models is highly dependent on multiple 

practical factors. The discrepancies in outcome arising between the same trials 

conducted at different times or on different colonies could have been the result of 

variations in the mouse model, affecting the mouse phenotype and thus trial 

outcome, caused by genetic drift, microbial/immunological status of the mice 

(highly dependent on the animal facility) and also differences in procedure 

conducted between different labs/places to replicate/conduct similar trials. All these 

factors could possibly contribute to the variations reported in results between 

different studies (in different research groups and different countries). Even simple 

factors like dietary composition can change xenobiotic exposure which considering 

the CYP450 defect could influence toxicity (483). Infection and resulting 

inflammation (196) could also be a factor and further inhibit drug metabolism and 

enhance tremor. 

In our hands we have conducted the same trials using the same agents over a long 

period of time and have encountered differences in the outcome. A major 

contributing factor was an outbreak of Pasteurella pneumotropica and Helicobacter 

hepaticus (261). Helicobacter hepaticus is known to influence liver detoxifying 

capacity (259) affecting the pharmacokinetics of administered compounds and 

hence the end result of the therapeutic intervention in these mice. The infection is 

also associated with altered circulating bile acid composition (261). While both 

infections affect immunological state of the infected animals (261, 262), Pasteurella 

pneumotropica has been recognised as having minimal effects in immunocompetent 

mice. However, with immunocompromised mice that is not the case (260). 

Additionally, genetic drift in the colony was another main factor, as results obtained 

in mice from a long established old colony varied from those we had for mice 
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generated form a new “ultraclean” colony. Curcumin, in particular, has given 

variable results in Npc1-/- mice over the years, between the two colonies we had and 

between our colony and other lab’s (37, 113). Susceptibility to the dose variation 

was also different. Comparison with normal (wild-type) and untreated homozygous 

mice should help highlight these differences and make interpretation and 

comparison of results easier. As curcumin is a CYP450 inhibitor it may well 

exacerbate the CYP450 defect in NPC1 mice and at CYP450 inhibitory doses its 

negative effects will outweigh its beneficial effects at lower doses. Another 

approach of testing curcumin in NPC disease would be in the cat model to avoid 

mouse colony-related variations and have a reliable assessment of efficacy. 

The increasing number of reported cases of Crohn’s-like intestinal inflammation in 

NPC patients necessitated the investigation of this disease aspect in the mouse 

model (Chapter 5), as it seemed to be independent of migulstat treatment in NPC 

patients (84). Although the two diseases do not overlap genetically, signs of upper 

GI bleeding in very late end stage homozygous mice were recorded in our NPC1 

mouse colony (old and new colonies). SPF mice did not have histopathological 

features of intestinal inflammation at baseline. Unexpectedly, partial protection 

from intestinal inflammation was observed in both homozygous and heterozygous 

mice compared to wild-type BALB/c mice in response to two models of colitis 

(chemical and infectious). Two distinct features were however seen in the Npc1-/- 

mice: different infection kinetics with longer time to reach peak infection as well as 

to clear infection, in particular in animals infected presymptomatically. The other 

main finding was the enhanced secretion of inflammatory cytokines in response to 

infection. However, in all cases GI tract from homozygous and heterozygous 

animals were at the microscopic level indistinguishable form wild-type mice. 
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These two findings would require further investigation to establish and fully 

characterise the phenotype in the Npc1-/- mice. The other direction to take would be 

to investigate this again at baseline in another NPC1 mouse model that is not on a 

BALB/c background, due to the resistance of the BALB/c mice and their Th1-

dominated immune response to induction of IBD (367). We would possibly need to 

induce colitis experimentally in case of absence of a spontaneous phenotype. The 

outcome of this would help understand this element in the patients, establish proper 

treatment and aid early diagnosis and early intervention. With the majority of the 

reported findings being associated with the NPC1 defect, at least one NPC2 patient 

has presented with Crohn’s-like intestinal inflammation. 

An interesting phenotype was observed in heterozygotes. They potentially have an 

intermediate phenotype when it comes to the drug metabolism defect, the 

pharmacokinetic functional study of midazolam in the mouse model and the 

findings in the mouse would possibly suggest human carriers may have impaired 

CYP450 function. The partial protection of NPC1 heterozygosity in the mice 

against induced colitis is quite interesting and could have other implications for 

microbial handling and cytokine production. 

Heterozygotes are often not included in NPC research even though they have been 

studied and found to develop late onset disease in the feline model. Heterozygous 

animals should not therefore be used as controls, only wild-type mice are suitable 

true controls. The disease status of the heterozygotes is of particular interest due to 

the high carrier frequency in the population and the apparent defect in drug 

metabolism. Whether human heterozygous carriers also have more Crohn’s disease 

would also merit further investigation. 
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6.2. Future work 

Detailed analysis of BA homeostasis in bile, circulation and liver as well as urinary 

excretion would add more to our understanding of the nature and effect of this 

aspect of NPC disease. The prediction would be that the products of the classical 

ER biosynthetic pathway would be affected by cholesterol storage, as cholesterol 

transport to mitochondria is normal in NPC (Figure 6.1).  

Figure 6.1. Bile acid synthetic pathways; the classic 'neutral' ER pathway and the 
alternative 'acidic' mitochondrial pathway. The classical pathway results in the 
formation of CA and CDCA and cholesterol 7α-hydroxylase (encoded by CYP7A1) is the 
rate-limiting enzyme in this pathway. Other main enzymes involved in steroid nucleus 
modifications are 3β-hydroxy-∆5-C27-steroid dehydrogenase (encoded by HSD3B7), sterol 
12α-hydroxylase, ∆4-3-oxosteroid-5β-reductase (encoded by AKR1D1) and 3α-
hydroxysteroid dehydrogenase. Side-chain modifications follow to form CA and CDCA. 
Sterol-27 hydroxylase (encoded by CYP27A1) is the first enzyme in the alternative pathway 
followed by oxysterol 7α-hydroxylase (encoded by CYP7B) (484). 

The figure originally presented here cannot be made freely available via ORA 
because of ‘copyright’.
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That would include assessment in the murine and feline models as well as looking at 

patient derived samples. Identifying the precise changes in this system would help 

tailor other approaches to target this defect, which could translate into simple 

dietary supplementation of a potentially already approved BA used in other hepatic 

diseases. This element of NPC disease has the potential of improving neurological 

function by reducing xenobiotic neurotoxicity, liver disease as well as intestinal 

inflammation and could be rapidly translated to clinical practice. 

The discovery of a previously unappreciated anti-inflammatory properties of other 

classes of drugs (such as vinpocetine) would potentially allow further assessment of 

the effect of targeting inflammation in NPC disease. Drugs with better 

pharmacokinetic and safety profile with less undesirable side effects would be of 

particular interest. 

Moreover, drugs which possess multiple pharmacological effects or target more 

than one pathological element/mechanism of NPC disease would also be good 

candidates as they would be combination therapies in their own right. 

More attention should be directed at reformulating and optimised dosing of 

compounds already trialled in NPC disease, such as curcumin, to enhance their 

bioavailability and half-life, therefore optimise their delivery, reduce their impact on 

the CYP450 system and maximise their therapeutic effects. Other approaches to 

increasing cytosolic calcium with other drugs should also be explored.  

The use of TNF-targeting biologics also has the potentials of transition to the clinic, 

if neurological efficacy is seen in patients. TNF-targeting biologics should also be 

tested in other neurodegenerative diseases with inflammatory component such as 
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Sandhoff disease, possibly combined with anti-IL-1β therapies as GM2 

gangliosidoses involve TNF and IL-1β driven inflammation. 

The potential of combining these therapeutic agents with miglustat and other 

therapies should also be carefully considered as they might have additive or 

synergistic benefits when combined but care will need to be applied to appropriate 

dosing particularly with liver metabolised drugs. 

As the pharmaceutical industry develops neuroprotective and neurorestorative 

compounds for more common neurodegenerative disorders such as Parkinson’s 

disease and Alzheimer’s disease, new candidates should also be evaluated in the 

Npc1-/- mice and other LSDs. 

It is important to appreciate the translatable aspects of this research. With 

cyclodextrin, for instance, having progressed to evaluation in the feline model and 

then trialled in NPC patients. Similarly, this would be the next step for interesting 

candidate therapies. 

Developing other tools to assess the efficacy of therapeutics in Npc1-/- mice would 

also be of great value to this research. This includes additional functional 

assessments such as those for cognition, motor function and coordination. They 

would need careful validation in this mouse model and optimisation of the methods. 

For the GI tract aspect of the disease, the differences between the human disease 

and the mouse model should be appreciated; the mouse model used is an acute 

model that resembles severe NPC disease in patients (26). Taking this into 

consideration along with the effect of the genetic background of the mouse (on the 
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immune status in particular (367)) would suggest investigating intestinal pathology 

in the other mouse models of NPC disease on C57BL/6 background is needed. 

Taken together, the research in this thesis has evaluated multiple new approaches to 

therapy in the NPC1 mouse, identified a drug metabolism defect previously 

unknown in NPC disease, determined the probable mechanisms leading to this 

defect and developed new leads for rapid translation into the clinic. 
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Lysosomal storage disorders (LSDs) occur at a frequency of 1 in every 5,000 live births and are a common cause 
of pediatric neurodegenerative disease. The relatively small number of patients with LSDs and lack of validated 
biomarkers are substantial challenges for clinical trial design. Here, we evaluated the use of a commercially 
available fluorescent probe, Lysotracker, that can be used to measure the relative acidic compartment volume of 
circulating B cells as a potentially universal biomarker for LSDs. We validated this metric in a mouse model of 
the LSD Niemann-Pick type C1 disease (NPC1) and in a prospective 5-year international study of NPC patients. 
Pediatric NPC subjects had elevated acidic compartment volume that correlated with age-adjusted clinical sever-
ity and was reduced in response to therapy with miglustat, a European Medicines Agency–approved drug that 
has been shown to reduce NPC1-associated neuropathology. Measurement of relative acidic compartment vol-
ume was also useful for monitoring therapeutic responses of an NPC2 patient after bone marrow transplanta-
tion. Furthermore, this metric identified a potential adverse event in NPC1 patients receiving i.v. cyclodextrin 
therapy. Our data indicate that relative acidic compartment volume may be a useful biomarker to aid diagnosis, 
clinical monitoring, and evaluation of therapeutic responses in patients with lysosomal disorders.

Introduction
Lysosomal storage disorders (LSDs) are a group of more than 60 
inborn errors of metabolism that result in the expansion of the 
late endosomal/lysosomal (LE/Lys) compartment in cells (1–3). 
We therefore hypothesized that measuring relative LE/Lys volume 
could serve as a potentially universal biomarker for this family of 
disorders. To test this hypothesis, we developed an assay using the 
fluorescent probe Lysotracker, a weakly basic amine that selective-
ly builds up in the acidic compartment (i.e., LE/Lys). This probe 

can be visualized and quantified in circulating cells and has pre-
viously been reported in a single clinical case study of a patient 
with adult-onset Niemann-Pick type C disease (NPC) (3). NPC1 
is a progressive neurodegenerative LSD caused by mutations in 
either NPC1 or NPC2 (4). Diagnosis of NPC, which is technically 
challenging, is often delayed. There is currently 1 European Medi-
cal Association–approved disease-modifying therapy, miglustat, 
which is licensed for treating the CNS manifestations of NPC1, 
combined with symptomatic management (5, 6). At the time of 
the clinical trial of miglustat, there were no validated biomarkers 
for NPC that could be used as secondary endpoints in support 
of clinical data. Recently, oxysterols emerged as the first validated 
biochemical biomarker for NPC (7, 8).

In this study, we optimized the Lysotracker assay and validated 
it in a prospective study of more than 100 NPC patients derived 
from multiple independent clinical cohorts to ensure statistical 
power. We used this disorder as proof of concept for its use in 
other LSDs, due to the relatively large number of patients avail-
able to study with this specific lysosomal disorder. We applied this 
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with enough power (in this case, 3 mice per group per time point). 
We quantified Lysotracker fluorescence — calibrated using fluo-
rescent microbead standards and expressed as mean equivalent 
of fluorescence (MEFL) — and observed a progressive increase 
in relative acidic compartment volume (Figure 1, A and B).  
This expansion of LE/Lys was seen at all ages compared with age-
matched controls and was highly significant at each time point 
in both splenic and circulating B cells (P < 0.001). We have previ-
ously shown that B cells from Npc1–/– store high levels of glyco-
sphingolipids (GSLs) when measured by HPLC (9). A key finding 
was that peripheral B cell storage, as indicated by MEFL, paral-
leled progressive ganglioside and lactosylceramide storage in the 
brain, as measured by HPLC (Figure 1, C and D), which indi-
cates that the rate of storage in B cells in the periphery parallels 
storage in the CNS. The probe LipidTOX, which detects phos-
pholipid storage, detected phospholipids in control and Npc1–/–  
B cells, but did not show enhanced staining in Npc1–/– relative to 
wild-type B cells (Supplemental Figure 1B; supplemental mate-
rial available online with this article; doi:10.1172/JCI72835DS1), 
and thus was not further evaluated.

assay to small, resting, circulating B cells because they can read-
ily be identified as a uniform population using the CD19 marker 
and do not change in response to infection. Circulating B cells are 
therefore a suitable cell type to analyze in longitudinal studies. We 
found here that this biomarker correlated with age-adjusted clini-
cal severity scores and was responsive to miglustat therapy. It also 
correlated with levels of oxysterol (an NPC-specific biochemical 
biomarker; ref. 7) in the same patient samples. This biomarker also 
showed utility in monitoring response to bone marrow transplan-
tation (BMT) in an NPC2 patient and identified an unanticipated 
adverse event in NPC patients receiving cyclodextrin therapy with 
i.v. 2-hydroxypropyl-`-cyclodextrin (HP`CD). Taken together, our 
data support the use of this biomarker in clinical monitoring of 
NPC. In addition, this assay has the potential to be a universal 
monitoring tool for any disease with lysosomal hypertrophy.

Results
Assay validation in a mouse model. We first validated the assay in 
resting B cells (splenic and circulating) from Npc1–/– mutant mice 
using the minimal group size to provide statistically valid results 

Figure 1
Relative LE/Lys volume increases progressively in B cells in a mouse model of NPC1 disease and parallels the rate of GSL storage in the brain.  
(A and B) Splenic (A) and circulating (B) B cells were analyzed by flow cytometry over the lifespan of the Npc1–/– mouse (3 weeks, presymptom-
atic; 6 weeks, early symptomatic; 9 weeks, late symptomatic) and compared with wild-type Npc1+/+ controls. A pan–B cell marker was detected 
using an anti-CD19 monoclonal antibody conjugated to PE, and cells were costained with Lysotracker green. Analysis was performed on gated 
B cells (CD19+), and Lysotracker staining levels were standardized to fluorescent microbeads conjugated to defined numbers of fluorescent mol-
ecules/bead to linearize the logarithmic data collected by the cytometer. There was progressive elevation in B cell MEFL at each time point relative 
to the previous age point (P < 0.01, spleen, all ages, and blood, 6 and 9 weeks). (C and D) GSL analysis, performed by HPLC, of GM2 ganglioside 
(C) and lactosylceramide (D) in the forebrain of 2-, 4-, 7-, and 9-week-old Npc1–/– mice compared with wild-type controls. **P < 0.01; ***P < 0.001.
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patients also had elevated levels of MEFL above the age-matched 
control range. The youngest NPC1 subjects with significant clini-
cal manifestations had the highest MEFL values (P < 0.05, 0–6 
years vs. 13–18 years; P < 0.01, 0–6 years vs. ≥19 years). In contrast, 
the adult NPC1 patients (with later onset and slower disease pro-
gression) and the heterozygous carriers did not differ significantly 
from age-matched controls at the population level (Figure 2A).

Characterization of the study cohort. To better characterize the study 
cohort, clinical severity scores (for which higher scores denote 

Assay validation in patient blood samples. The Lysotracker assay 
was then applied to peripheral blood B cells from NPC patients. 
Although this assay would in practice be used for monitoring indi-
vidual patients over time, we had the opportunity here to evaluate 
this biomarker at the population level. We found that MEFL val-
ues were significantly elevated in B cells from the majority of pedi-
atric NPC1 patients (aged 0–12 years; P < 0.001; Figure 2A); only 
4 cases in the 0–6 year age range and 6 cases in the 7–12 year age 
range overlapped with control values. 2 infantile Tay-Sachs disease 

Figure 2
Relative LE/Lys volume identifies pediatric patients with NPC1 disease. Data were collected prospectively on NPC1 patients (n = 97, aged  
2 months to 53 years), heterozygous carriers (NPC Het; n = 40, aged 23 to 76 years), age-matched controls (n = 53, aged 4 months to 64 years), 
and 2 pediatric patients with Tay-Sachs disease (TS). (A) Lysotracker values from circulating B cells were measured by flow cytometry and plotted 
against patient age. Each patient only appears once, standardized to the first sample analyzed for each patient. ***P < 0.01. (B) When the same 
patients’ data were plotted as unadjusted severity score (with higher value denoting greater disease burden) against age, multiple subgroups were 
identified. These were designated according to decreasing severity, from the severest (subgroup a) to the mildest (subgroup f). Rate of change 
per year is indicated for each subgroup. (C) Total severity score (without hearing, as this was not measured by all clinical centers) for each patient 
was divided by patient age to generate ASIS. When plotted against MEFL, a statistically significant correlation was found (P = 0.017). (D) When 
each patient’s plasma cholestane-3`,5_,6`-triol level was plotted against their MEFL value, a statistically significant correlation was observed 
in all patients (P < 0.01). A piecewise linear model significantly improved the goodness-of-fit with respect to a single linear model (P < 0.001); in 
this model, the initial slope was significant (P = 0.015), and the second was not (P = 0.228), with the estimated change point being 21,269 MEFL.
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plasmas and found a significant correlation in NPC1 patients  
(P = 0.015), but not in controls or heterozygous carriers (Figure 2D).

Response to treatment with miglustat. Longitudinal data were col-
lected on 38 patients that were untreated, chronically treated 
with miglustat (>6 months; ref. 5), or analyzed both before and 
after miglustat therapy, with the first point being pretreatment 
(referred to herein as pre-post analysis) (Table 1). There were no 
significant differences in median ages for the 3 groups (P = 0.09). 
Of the untreated patients, 86% had positive slopes (progression of 
storage), compared with 71% in the chronically miglustat-treated  
group and 43% in the pre-post group (Table 1 and Figure 3).  
Untreated adult controls (variable MEFL values) with repeat mea-
sures were analyzed, and no significant slopes were detected (Fig-
ure 3 and Supplemental Figure 7).

Response to BMT in an NPC2 patient. An NPC2 patient was analyzed 
before and after BMT. Prior to BMT (and before immunosuppres-
sive conditioning), the patient’s MEFL value approximated the 

increasing severity; ref. 10) were plotted against patient age. Hear-
ing was excluded, as it was not measured in all clinical centers. 
There was no simple linear or nonlinear model that adequately rep-
resented the complete data distribution (Supplemental Figure 2).  
We therefore looked for discrete subpopulations of patients and 
identified 6 subgroups (denoted a–f), with subgroups b, c, and d 
defined by latent class mixture modeling (Figure 2B). The study 
cohort included miglustat-treated patients, which were repre-
sented in all 6 subgroups (Supplemental Figures 3 and 4). Sei-
zures are a common feature in the most severely affected patients; 
consistent with this, patients with seizures were almost exclusively 
present in subgroups a–c (Supplemental Figure 5). When a small 
number of untreated patients were plotted longitudinally, they 
remained within the same subgroup (Supplemental Figure 6), 
which suggests that these subgroups may have prognostic value. 
When MEFL values were plotted against total clinical severity 
score, no significant correlation was observed in the group as a 
whole or in subgroups a–f (data not 
shown). As disease progression has 
been reported to be linear in NPC 
disease (10), and different patients 
achieved their severity scores over 
variable numbers of years (Figure 
2B), total severity scores were divid-
ed by age to give an annual severity 
increment score (ASIS). When ASIS 
was plotted against MEFL, a sig-
nificant correlation was observed 
for the total NPC1 population  
(P = 0.017; Figure 2C), but not after 
stratifying by latent subgroups a–f, 
as these were individually under-
powered (data not shown).

Relationship to oxysterols. Oxysterols 
have been validated as NPC-specific 
biochemical biomarkers (7, 8). We 
therefore measured cholestane-
3`,5_,6`-triol and MEFL in matched 

Table 1
Miglustat treatment slows the rate of storage in NPC1 patients

Treatment and  Median age at first Subjects  Positive Negative No Median slope 
clinical status measurement (yr) analyzed (n) slope (n) slope (n) slope (n) (MEFL/yr)
NPC1 untreated 9.8 7 6 0 1 4,436
NPC1 chronic miglustat 10.9 17 12 3 2 1,849A

NPC1 pre-post miglustat 9.5 14 6 4 4 1,010B,C

Untreated adult controls 43.0 14 6 4 4 998

There was no significant difference in the median ages for the 3 NPC1 patient groups (P = 0.65, Kruskal-
Wallis test). Ages were not available for all adult controls, but were >18 and <65 years; median based on  
n = 6. Slopes were calculated from each patient’s longitudinal data, based on ≥2 repeat measures (untreat-
ed, 2–4; pre-post, 2–5; chronic miglustat, 2–6) over time up to 3.0 years (median, last measurement up to 
10.92 months after first sample analyzed). Given the small number of repeat measurements, rather than 
calculating a P value for each individual slope, subjects with a ±10% difference between first and last MEFL 
were defined as stable (no slope). A logistic regression model showed a significant difference between the 
proportion of positive slopes (NPC1 untreated, 86%; NPC1 chronic miglustat, 71%; NPC1 pre-post miglu-
stat, 43%) and nonpositive slopes between the untreated and pre-post groups (P = 0.05). Overall, median 
slopes from the 3 patient groups were significantly not homogeneous (P = 0.03, Kruskal-Wallis test).  
AP = 0.11 vs. untreated; BP = 0.029 vs. untreated; CP = 0.13 vs. treated; Wilcoxon-Mann-Whitney tests with 
Benjamini-Hochberg correction for multiple comparisons.

Figure 3
Miglustat treatment reduces lysosomal storage in NPC1 patients’ B 
cells. Box plots summarizing progression of storage for untreated (n = 7),  
chronic miglustat (n = 17), and pre-post miglustat (n = 14) patient 
groups as well as adult controls (n = 14) analyzed over time. The box 
is limited by the 1st and 3rd quartiles (Q1 and Q3), and the median 
is indicated by a bar inside the box; whiskers and outliers are defined 
in terms of 2 unmarked boundaries defined using Tukey’s rule as  
Q1 – 1.5 IQR and Q3 + 1.5 IQR (IQR, interquartile range, i.e., Q3 – Q1). 
Whiskers extend to the smallest and largest observed values within the 
boundaries, and outliers are defined as points outside the boundaries. 
Adjusted pairwise multiple comparisons are shown (Wilcoxon-Mann-
Whitney test). See Table 1 and Supplemental Figure 7.
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this point, 2 equally abundant (50:50) subpopulations of B cells 
were detected, which were classified as high or low MEFL staining 
(Figure 4A). This coincided with the development of 50% donor 
chimerism, based on human leukocyte analysis (data not shown).

Unanticipated potential adverse response to HP`CD treatment. Final-
ly, we investigated the effects of HP`CD therapy on B cell MEFL, 
both pre-post i.v. HP`CD therapy in 4 pediatric NPC1 patients 
(patients 1–4) and after i.v. HP`CD therapy in 2 additional indi-
viduals (patients 5 and 6); all 6 were being treated under individual 
patient Investigational New Drug (IND) provisions (Figure 4B). In 
patients 1–4, pre-post analysis showed a dramatic increase in B cell 
MEFL values in response to HP`CD treatment, with patients 1–3 
exceeding the NPC patient range. Analysis of patients 5 and 6 after 
HP`CD therapy showed MEFL values similar to those of patients 
1–3. In patients 1–4, B cells were isolated, and all 4 had increased 
levels of GSL storage after HP`CD treatment (Figure 4C). We also 
analyzed a single patient pre-post approximately 1 year of intra-
thecal HP`CD therapy (patient 7). Despite being well managed on 
miglustat, with a MEFL value in the normal pediatric range prior 
to intrathecal HP`CD treatment, patient 7 also showed increased 
MEFL values in response to HP`CD, albeit not as great as those in 
patients 1–6 with i.v. administration (Figure 4B).

Discussion
In addition to disease-specific biomarkers (7), it would be useful 
to have a general biomarker for measuring the degree of storage 
in all lysosomal disorders, regardless of the biochemical nature 
of the stored macromolecule(s). We therefore selected the probe 
Lysotracker to study, as it measures relative acidic compartment 
volume in live cells. An increased Lysotracker value could reflect 
lysosome enlargement, increased number of lysosomes, or both.

We first validated this assay in Npc1–/– mutant mice and found 
that the rate of storage in the brain and circulating B cells mirrored 
each other; thus, measuring storage in circulating B cells is a suit-
able surrogate for measuring progression of storage in the brain. 
This suggests that although absolute amounts of lipid storage dif-
fer in different cell types in NPC, the rate of storage is similar in 

average for NPC1 patients of a similar age (Figure 4A). At 1 month 
after BMT, the B cell MEFL was reduced, and by 3 months after 
BMT, it had moved into the control range (Figure 4A), suggestive 
of cross correction and/or cell replacement with donor cells. At 

Figure 4
Relative LE/Lys volume is a sensitive measure of response and poten-
tially adverse response to NPC disease therapeutics. (A) Pre-post 
analysis of an NPC2 patient with BMT, using Lysotracker analysis 
of circulating B cells. MEFL was reduced 1 month after BMT, and by  
3 months was within the pediatric control range. At 3 months after BMT, 
donor chimerism developed and was detected by the presence of  
2 B cell populations (inset; gated on mononuclear cells). The popula-
tions had high or low Lysotracker fluorescence, with a 50:50 distribution 
of B cells between the 2 populations. HLA typing confirmed the devel-
opment of 50% donor chimerism (not shown). (B) 7 patients on HP`CD 
therapy (individual use INDs) were analyzed. Patients 1–4 were ana-
lyzed pre-post i.v. HP`CD (arrows denote therapy initiation points), 
patients 5 and 6 were analyzed after HP`CD only, and patient 7 was 
analyzed pre-post intrathecal HP`CD delivery (no i.v. administration 
throughout the treatment period). (C) B cells isolated from the blood of 
patients 1–4 were analyzed to determine their levels of GSL storage. 
Total GSL levels were compared before and after HP`CD delivery for 
each patient and plotted individually (blue; error bars derived from 3 
independent HPLC analytical runs of the same samples). An average 
of the 4 patients was also plotted (green; error bars derived from the 
mean values for each patient). *P < 0.05; ***P < 0.001.
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trend in NPC1 patients was for 
older patients to have lower aver-
age MEFL values at the population 
level than pediatric NPC1 patients, 
implying a milder disease burden 
in older patients, as might be pre-
dicted. In contrast, the controls 
had a very tight distribution in 
pediatric individuals, which broad-
ened over time to a diverse range 
of values in the adult group. This 
may suggest that some individuals 
develop impaired lysosomal flux as 
they age, leading to an expansion 
of the lysosomal system. There 
was no simple age relationship, 
which suggests that this is not an 
inevitable consequence of aging. 
Alternatively, an expanded lyso-
somal system in some adults in 
the general population may reflect 
an increased rate of substrate flux 
through the lysosomal compart-
ment. This unexpected observa-
tion merits further investigation 
in the general population in order 
to better understand its basis and 
potential clinical significance.

However, the Lysotracker assay 
was useful in adults for monitoring individual changes over time, 
with patients serving as their own controls (Table 1 and ref. 3). 
As the biomarker would be used in clinical practice for monitor-
ing individual patients over time, not for population-based stud-
ies, this underscores its practical utility. When Lysotracker was 
compared with the NPC disease-specific oxysterol biochemical 
biomarker, there was a significant correlation with patients with 
lower MEFL values. Interestingly, a subset of patients with very 
high Lysotracker values did not have the predicted high level of 
triol species (assuming a linear relationship), suggestive of poten-
tially attenuated oxidative stress responses in these individuals 
and highlighting the need to use multiple biomarkers in NPC. 
Control and heterozygous carriers could be distinguished on the 
basis of mildly elevated oxysterol levels, whereas Lysotracker values 
overlapped between these 2 genotypes.

We calculated ASIS and found it to be significantly correlated 
with relative lysosomal volume. Scoring with ASIS may also rep-
resent a simple tool for stratifying patients for clinical trials or 
for monitoring disease progression. As the severity score used 
to calculate ASIS is derived from multiple neurological clinical 
measures (10), these data, in agreement with our findings in the 
Npc1–/– mouse (Figure 1), are suggestive of an association between 
storage in the CNS and in the hematopoietic system. Therefore, 
monitoring B cell lysosomal volume is a valid minimally invasive 
surrogate for storage levels in the CNS in NPC. These data also 
suggest that human B cell progenitors store progressively, such 
that this is reflected in the mature circulating B cell population, 
as the half-life of B cells in the blood is only 36 days (11). Most 
untreated NPC patients had increased relative lysosomal volumes 
over time, but significant decreases were observed in the miglustat-
treated groups, consistent with miglustat stabilizing/slowing the 

different tissues as disease progresses, so the use of peripheral bio-
markers is still informative and also minimally invasive for patients.

We then applied this assay to a multicenter, international pro-
spective study of 106 NPC patients, spanning a 5-year period. To 
our knowledge, this is the largest prospective study ever under-
taken in a neurodegenerative lysosomal disorder. Typically, bio-
marker validation involves analysis of multiple independent clini-
cal cohorts, each of sufficient size to provide sufficient statistical 
power, in order to draw conclusions about the biomarker’s prac-
tical utility. In the case of a rare lysosomal disease such as NPC, 
this is clearly not possible, due to small patient numbers. Instead, 
we combined patients from 3 independent clinical cohorts from 
3 countries to sufficiently power this study. Although this bio-
marker would be used in practice at the individual patient level, 
in the present study we began with population-based analysis to 
define the study cohort. We found that the clinical severity of the 
total NPC study cohort spanned the severity range, and addition-
ally revealed 6 discrete subgroups with differential rates of disease 
progression. Individual untreated patients longitudinally tracked 
an individual subgroup, which suggests that simply plotting total 
severity against age may have prognostic value, particularly in 
patients older than 5 years.

At the population level, the clear finding was that pediatric NPC 
patients had significantly elevated levels of Lysotracker staining in 
circulating B cells, minimally overlapping those of age-matched 
controls. Similar findings were made in 2 18-month-old Tay-Sachs 
disease patients compared with pediatric controls 0–6 years of 
age. As lysosomal hypertrophy is a universal feature of LSDs, it is 
logical to hypothesize, based on our data in more than 100 NPC1 
patients and 2 Tay-Sachs patients, that relative LE/Lys volume 
could represent a universal biomarker for lysosomal disorders. The 

Figure 5
Summary of major findings in the study.
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to highly specialized cell types. Clinical studies are planned to test 
this prospectively in a range of lysosomal disorders to determine 
clinical utility more broadly.

Methods
NPC1 mice. BALB/cNctr-Npc1m1N/J (Jackson Laboratory) mice (termed Npc1–/–)  
were maintained by heterozygote brother/sister matings and genotyped as 
previously described (22). The Npc1–/– mouse has a lifespan of 10–12 weeks, 
with neurological symptoms presenting at approximately 6 weeks of age. 
Mice were group housed in ventilated cages with irradiated food and bedding 
and autoclaved water available ad libitum. Control mice were Npc1+/+ mice 
generated from the same litters as the Npc1–/– animals. Blood and spleens were 
harvested from PBS-perfused mice under terminal anesthesia and analyzed 
for flow cytometry or biochemical analysis as previously described (9).

Clinical study cohort. The 106 total NPC patients in this study were from 
multiple independent international clinical cohorts from the United King-
dom, Germany, and the United States (29, 30, and 47 patients, respectively). 
A further 6 NPC1 patients treated with HP`CD were also studied (in addi-
tion to 1 patient on HP`CD therapy that was part of the US cohort, giving 
a total of 7 NPC1 patients on HP`CD treatment that were analyzed). The 
study cohort was composed of 52 untreated patients, 54 patients on miglu-
stat at time of first analysis, 41 heterozygous carriers, and 53 age-matched 
controls. There was no standardization between centers relating to the stage 
of disease when miglustat therapy was initiated, although dosing was stan-
dardized according to current clinical guidelines (23). In a subset of patients, 
treatment was initiated during the study, allowing for pre-post analysis of 
miglustat therapy. Longitudinal data was not collected on pediatric controls, 
only on adult heterozygous carriers and adult healthy volunteers.

We also studied a pair of twins with infantile-onset Tay-Sachs, who died of 
disease progression at 3 years of age. Analysis was performed at 16 months of 
age, at which time they had been on off-label miglustat therapy for 5 months.

HP`CD-treated patients. Patients 1 and 2 were started on i.v. HP`CD in 
April 2009 and dose escalated to 2,500 mg/kg, administered weekly. These 
2 patients were also receiving, by lumbar intrathecal injection, 175 mg 
HP`CD every 2 weeks starting in October 2010. Patient 3 and 4 were started 
on i.v. HP`CD in December 2010 and April 2011, respectively. They were 
dose escalated to 2,000 mg/kg, administered weekly. Patients 5 and 6 were 
started on i.v. HP`CD in January 2010 and started on intrathecal HP`CD 
in May 2010. At the time of blood sampling, they were receiving i.v. HP`CD 
at a dose of 2,900 mg/kg twice per week and intrathecal HP`CD at a dose of 
875 mg every 2 weeks. Patient 7 was on oral miglustat therapy (2 years) prior 
to commencing intrathecal HP`CD and remained on miglustat through-
out HP`CD treatment. Patient 7 was treated with HP`CD every 15 days and 
commenced with 175 mg HP`CD that was increased in single-dose steps 
(175, 250, 300, and 350 mg) up to a maintenance dose of 400 mg. Initially, 
this patient received all HP`CD doses through lumbar puncture with i.v. 
sedation; for the last 6 months of the study, HP`CD was delivered via an 
Ommaya intrathecal reservoir.

BMT of an NPC2 patient. The NPC2 patient presented as a neonate with 
hepatosplenomegaly and dysmorphic features. She developed progressive 
neurodevelopmental delay and unexplained pulmonary disease. At 14 
months of age, NPC2 was diagnosed based on filipin staining of skin fibro-
blasts and mutational analysis. 1 known NPC2 mutation was identified 
with no second mutation found, with intronic regions yet to be sequenced. 
The patient was deteriorating, and so BMT was performed at 18 months of 
age using an unaffected sibling donor, as efficacy had recently been report-
ed in another NPC2 case after BMT (18). Pre-BMT sampling and analysis 
in this study was performed prior to conditioning with immunosuppres-
sive drugs. She initially made a good recovery; however, donor chimerism 
developed after the initial response (reduced MEFL value), and she clini-

rate of disease progression in NPC1 patients (5, 12–14). Patients in 
whom pre-post analysis was performed exhibited the most marked 
decrease in storage, relative to the chronically miglustat treated 
group, which was relatively stable at the initiation of the study.

We also investigated the effects of 2 experimental therapies on 
this biomarker. NPC2 constitutes 5% of NPC cases (15) and is 
appropriate for BMT, as the NPC2 protein is a soluble, mannose-
6-phosphorylated protein amenable to secretion/recapture cross-
correction (16, 17). The efficacy of BMT was recently reported in 
an NPC2 patient (18). We therefore monitored an NPC2 patient 
pre-post BMT, and this biomarker revealed reduced storage in 
peripheral B cells after BMT (cross-correction at the early time 
point) and detected donor chimerism at 3 months after BMT. 
Before BMT, the patient was declining, with symptoms of respira-
tory compromise, ataxia, and slowed development of speech. After 
BMT, these symptoms improved, preceded by reduced Lysotrack-
er staining. When symptoms returned and repeat transplant was 
under consideration, Lysotracker values increased before the onset 
of clinical deterioration, which suggests that this may be a sensi-
tive biomarker for NPC2 disease.

HP`CD is an experimental drug that has shown benefit in 
mouse and feline models of NPC1 (19, 20), potentially by stimu-
lating lysosomal exocytosis, which has been demonstrated in vitro 
(21). There are currently 10 NPC1 patients worldwide undergo-
ing i.v. HP`CD therapy, of which 7 were included in this study. 
Patients previously treated with miglustat (patients 1–4 and 7; 
ref. 5) had reduced MEFL values, close to or within the normal 
range, prior to initiation of HP`CD therapy. Paradoxically, after 
HP`CD therapy, there was a pronounced increase in B cell Lyso-
tracker fluorescence. Patients 1–6, with i.v. exposure to the drug, 
developed elevated MEFL values that were similar to one another; 
all but 1 were above the upper limit of the general NPC1 patient 
population. Patient 7 never received HP`CD i.v.; the drug was only 
administered intrathecally. However, even this individual showed 
elevated MEFL values after approximately 1 year of HP`CD treat-
ment. The magnitude of this increase was less than in patients 
receiving i.v. HP`CD. These data suggest that intrathecal HP`CD 
treatment resulted in exchange of HP`CD into the peripheral cir-
culation, which was sufficient to lead to an increase in B cell MEFL 
values. This assay may serve as a useful surrogate of systemic expo-
sure to HP`CD treatment, regardless of the route of administra-
tion. We then investigated whether the increased MEFL values we 
observed after HP`CD treatment reflected enhanced lipid storage 
in response to HP`CD. When B cells from a subset of the patients 
were isolated and analyzed biochemically, GSL levels were higher 
than at the start of HP`CD therapy, suggestive of storage lipid 
redistribution to B cells in response to HP`CD. These data suggest 
that direct CNS delivery of HP`CD may be needed to minimize 
potential peripheral side effects, although even the patient receiv-
ing intrathecal drug (patient 7) showed elevated levels, albeit to a 
lesser extent than those receiving i.v. HP`CD.

The main findings of this study are summarized in Figure 5, 
including differential responses to therapies. Taken together, and 
based on lysosomal hypertrophy being a universal hallmark of 
LSDs, our present findings suggest that this biomarker may have 
broad utility as an aid to initial diagnosis (suspicion of an LSD), 
for monitoring disease progression in multiple LSDs, and for 
determining their differential responses to therapies. It remains 
to be determined whether this peripheral blood biomarker will be 
applicable in milder LSDs or in LSDs involving storage restricted 
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org). Graphs with error bars represent mean ± SD. A P value less than 0.05 
was considered significant.

Study approval. All animal studies were approved by the UK Home Office 
for the conduct of regulated procedures under licence (Animal Scien-
tific Procedures Act, 1986). Studies of NPC patients from the UK (06/
MRE02/85), Germany (S-032/2012), and the United States (06-CH-0186) 
were approved by the appropriate REC/IRB. Patient 7 in the HP`CD study 
was covered by ethics approval TRT585600308651 (Madrid, Spain). Writ-
ten informed consent and, if applicable, assent were obtained.
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cally declined after 6 months. She was given a repeat transplant 9 months 
after the initial BMT from the same donor and fully engrafted, leading 
to clinical improvement. At the end of the present study, the patient was 
stable and under continuous review.

Human blood collection and isolation of mononuclear cells. Venous blood was 
collected into EDTA tubes, maintained at room temperature, and analyzed 
within 72 hours (optimal for maintaining cell viability; data not shown). 
Consent or assent was obtained from all subjects, with ethical approval in 
place in each clinical center. Control samples were obtained by voluntary 
donation with informed consent, or from a commercial provider where 
informed consent/assent was given at the time of collection. The inves-
tigators were blinded to patient identity. Whole blood was loaded onto 
Histopaque-1077 (Sigma-Aldrich), and mononuclear cells were isolated 
according to the manufacturer’s instructions. The mononuclear fraction 
was washed twice with Dulbecco PBS (D-PBS) before counting.

Flow cytometry. Mononuclear cells (1 = 106, in duplicate) were incubat-
ed with PE-conjugated mouse anti-human CD19 antibody (clone LT19; 
Abcam) in D-PBS for 30 minutes on ice in the dark. The reaction was 
stopped with 100 +l 10% BSA, and cells were spun (5 minutes at 800 g), 
then either resuspended in 0.5 ml FACS buffer (0.1% BSA, 0.02M NaN3 
in 1= PBS) or stained with 1 ml of 200 nM Lysotracker-green DND-26 
(Invitrogen) in D-PBS for 10 minutes in the dark at room temperature. 
Cells were centrifuged for 5 minutes at 800 g, resuspended in 0.5 ml FACS 
buffer, and kept on ice for a maximum of 1 hour prior to flow cytomet-
ric analysis (BD Biosciences FACSCanto II). The cytometer was calibrated 
using Cytometer Setup and Tracking beads (BD), and compensation was 
performed using cells stained with Lysotracker and anti-mouse Comp-
Beads (BD) stained with PE antibody using FACSDiva software (BD). 
Samples were acquired with gating on singlets (FSC-H versus FSC-A) and 
CD19+ events. In total, 50,000 singlet events and 10,000 singlet gate CD19+ 
events were collected. The mean fluorescence of the CD19+ events was cal-
culated using FACSDiva software (BD). MEFL was calculated using 8-peak 
Rainbow calibration beads (BD) using the fluorescein equivalent values 
provided by the manufacturer. See Supplemental Figure 8 for details of 
FACS profile and analysis.

HPLC analysis. HPLC analysis of GSLs was performed according to previ-
ously published methods (24).

Oxysterol measurements. The methodology was according to published 
protocols (8). Lysotracker and oxysterol measurements were performed on 
the same clinical samples for each data point.

Statistics. Logistic regression models were used to compare proportions, 
Wilcoxon-Mann-Whitney and Kruskal-Wallis tests were used to com-
pare medians, and ANOVA was used to compare means. Linear regres-
sion models (including those with splines) were fitted with maximum 
likelihood methods; nonlinear regression models were fitted using least 
squares methods. Latent class finite mixture regression models were fitted 
using the R package flexmix (25) to define components of total clinical 
score as a function of age; the number of components was chosen by min-
imizing the Bayesian Information Criterion. Piecewise linear regression 
models were fitted using the R package SiZer (26). Adjusted P values for 
pairwise comparisons were obtained using the Benjamini-Hochberg cor-
rection (27). All calculations were performed in the R language and envi-
ronment for statistical computing (version 2.14.2; http://www.R-project.
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Objectives: Niemann–Pick disease type C (NPC) is a neurodegenerative lysosomal storage disorder characterised
by the storage of multiple lipids, reduced lysosomal calcium levels, impaired late endosome:lysosome fusion and
neuroinflammation. NPC is caused by mutations in either of the two genes, NPC1 or NPC2, which are believed to
function in a common cellular pathway, the function ofwhich remains unclear. The complexity of the pathogenic
cascade in NPC disease provides a number of potential clinical intervention points. To date, drugs that target piv-
otal stages in the pathogenic cascade have been tested asmonotherapies or in combination with a second agent,
showing additive or synergistic benefit. In this study, we have investigatedwhether we can achieve greater ther-
apeutic benefit in theNpc1−/−mouse by combining three therapies that each targets unique aspects of the path-
ogenic cascade.
Methods: We have treated Npc1−/− mice with miglustat that targets sphingolipid synthesis and storage,
curcumin that compensates for the lysosomal calcium defect by elevating cytosolic calcium, and the non-
steroidal anti-inflammatory drug ibuprofen to reduce central nervous system inflammation.
Results/interpretation:Wehave found that triple combination therapy has a greater neuroprotective benefit com-
paredwith single and dual therapies, increasing the time period thatNpc1−/−micemaintained bodyweight and
motor function andmaximally delaying the onset of Purkinje cell loss. In addition, ibuprofen selectively reduced
microglial activation, while curcumin had no anti-inflammatory effects, indicating differential mechanisms of ac-
tion for these two therapies. When taken together, these results demonstrate that targeting multiple unique
steps in the pathogenic cascade maximises the clinical benefit in a mouse model of NPC1 disease.

© 2014 Elsevier Inc. All rights reserved.

Introduction

Niemann–Pick disease type C (NPC) is a lysosomal storage disorder
that occurs at an estimated frequency of 1:120,000 live births (Vanier,
2010). It is caused bymutations in either theNPC1 or theNPC2 gene. De-
fects in either gene result in an identical clinical disorder (Patterson
et al., 2012; Vanier, 2010). NPC disease is characterised by the storage
of multiple lipids, including sphingolipids (glycosphingolipids
(GSLs), sphingomyelin and sphingosine) and cholesterol (Vanier, 1999;
Vanier et al., 1991). The NPC1 gene encodes a 13 trans-membrane span-
ning protein of the limiting membrane of late endosomes/lysosomes
(Ioannou, 2000), with mutations in this gene accounting for approxi-
mately 95% of clinical cases (Vanier, 2010; Wraith et al., 2009). In
contrast, NPC2 is a soluble mannose-6-phosphorylated lysosomal cho-
lesterol transport protein, which controls intra-lysosomal membrane
cholesterol content and is involved in cholesterol exchange with NPC1

(Estiu et al., 2013; Infante et al., 2008; Kwon et al., 2009; Storch and
Xu, 2009). The function of the NPC1 protein has been proposed to be
the efflux of lipids from late endosomes/lysosomes, but there is no con-
sensus on the specific lipid(s) effluxed by this pathway, nor exactly how
NPC2 contributes to this process (Lloyd-Evans and Platt, 2010).

The only step in the pathogenic cascade targeted by an approved
therapy is miglustat, an orally available inhibitor of glycosphingolipid
biosynthesis that reduces GSL storage (Patterson et al., 2007; Platt
et al., 1994). Several other therapeutic targets downstream of the
NPC1 protein have been validated using small molecule monotherapies
in theNPC1mousemodel (Alvarez et al., 2008; Davidson et al., 2009; Liu
et al., 2009; Lloyd-Evans et al., 2008;Munkacsi et al., 2011; Pipalia et al.,
2011; Smith et al., 2009; Zervas et al., 2001; reviewed by Davidson and
Walkley, 2010;Madra and Sturley, 2010). In previous studies, we tested
three therapeutics that target unique aspects of the pathogenic cascade,
all of which results in survival benefit in amousemodel of NPC1 disease
when evaluated as monotherapies; miglustat (Zervas et al., 2001), the
non-steroidal anti-inflammatory drug (NSAID) ibuprofen (Smith et al.,
2009) and the intracellular calcium modulator curcumin (Lloyd-Evans
et al., 2008).

In this study, we have evaluated the effects of simultaneously
targeting glycosphingolipid biosynthesis, defective calcium homeostasis
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and CNS inflammation usingmiglustat, curcumin and ibuprofen respec-
tively to determinewhether triple combination therapy provides great-
er functional benefit and/or enhances neuroprotection.

Materials and methods

Mice

BALBc/NPCnih micewere bred as heterozygotes to generate Npc1−/−

mice and control genotypes (Pentchev et al., 1980). Micewere bred and
housed under non-sterile conditions, with food and water available ad
lib. All experiments were conducted using protocols approved by the
UK Home Office Animal scientific Procedures Act, 1986.

Drug treatments

Ibuprofen (Sigma, 100 mg/kg/day) was supplemented as a dry ad-
mixture to powdered RM1 mouse chow (SDS, UK) (from 6 weeks of
age, due to the toxicity seen with earlier dosing, Smith et al., 2009).
Miglustat (600 mg/kg/day, Oxford GlycoSciences/Celltech, UK) and
curcumin (Sigma, 150 mg/kg/day)were administered as dry admixtures
as above (from 3 weeks of age). The untreated mice were fed on pow-
dered chow(n=34). Treatment groupsweremadeup of approximately
equal numbers of males and females and received ibuprofen (n = 14),
curcumin (n = 11), miglustat (n = 11), curcumin and ibuprofen
(n = 5), curcumin and miglustat (n = 11), or all three therapies
(n = 9). A parallel group of mice for each treatment combination was
set up (n = 3) and used specifically for immunohistochemical studies
with no behavioural analysis performed.

Mouse behavioural analysis

Weight and spontaneous activity of each mouse were recorded
weekly until reaching the late humane end-point (loss of 1 g body
weight within 24 h) as previously described (Smith et al., 2009). After
5–30 min room acclimatization, the mouse was placed in the ‘open
field’ (measuring 45 × 25 × 12 cm). Rearing was recorded manually
for 5 min (the number of times the mouse reared on its hind legs with
or without support of the cage wall).

Immunohistochemistry (IHC)

Cerebellar tissue was processed as described previously (Carletti
et al., 2008; Williams et al., 2008). Mice were euthanized at 7.5 weeks
by CO2 asphyxiation and transcardially perfused with 4% paraformalde-
hyde in phosphate buffer. The brains were post-fixed for 24 h then
cryoprotected in 30% sucrose until the tissues sank. Cerebellar tissue
was cryostat-sectioned parasagittally (30 μm) and floating sections
collected in phosphate buffered saline (PBS) with 0.25% Triton ×100.
Sections were incubated overnight at 4 °C with either rabbit anti-
calbindin (1:3000, Swant) or rat anti-CD68 (1:2000, Serotec), detected
using DyLight-594 goat anti-rabbit IgG (Sigma) and Alexa-488 conju-
gated donkey anti-rat IgG (Invitrogen) respectively, and counterstained
with DAPI (Fluka).

Image analysis

To obtain a clear and consistent view of cerebellar pathology in each
treatment group, vermal lobule III was chosen as the common area to
study in each animal, thus avoiding the confounding factor of differen-
tial onset of neuropathology in the parasagittal plain (Sarna et al.,
2003). At 7.5 weeks of age, neurodegeneration in lobule III is ongoing
and advanced, providing a good basis to assess the various treatments.

Overlapping images of lobule III were taken using a Zeiss AXIO Imag-
er A1 fluorescencemicroscope connected to a Zeiss AxioCamHRc digital
camera. For each field, images of the calbindin/CD68/DAPI channels

were superimposed in and adjusted for brightness/contrast in Adobe
Photoshop, and then the overlapping images of lobule III were realigned
to allow accurate morphometric analysis using ImageJ (NIH). In Fig. 4,
non-lobule III tissue was removed from the images for the purposes of
clarity only.

To obtain quantitative data of Purkinje cell survival and the level of
microglial/macrophage infiltration into the cerebellar molecular layer,
the number of each cell type was counted, along with the length of
Purkinje cell layer and the area of molecular layer. In addition, the size
of 30 microglia (in μm2) was sampled in each section of digitally
recombined lobule III as a measure of microglial activation/phagocyto-
sis. Multiple sections from each animal were used and the areas/lengths
and cell counts from an individual animal pooled together to avoid
any potential bias in Purkinje cell survival caused by the alternate
parasagittal zebrin-II expressing zones. The mean number of CD68+

cells/mm2 of molecular layer, average microglial size in μm2 and
Purkinje cells/mm of Purkinje cell layer were calculated for each treat-
ment group. The data set used for immunohistochemical analysis for
each treatment consisted of three separate animals (n = 3).

Statistics

Survival was measured two ways. Firstly by directly comparing the
mean survival time between all groups, where statistical significance
was evaluated with one-way analysis of variance with Tukey's multiple
comparison post-hoc test. As this method internally accounts for
multiple comparison testing, values were considered significant when
p b 0.05. Secondly, survival curves were created by the method of
Kaplan and Meier, and statistically evaluated using the log-rank
(Mantel–Cox) test with a Bonferroni-method adjusted p-value of
0.0024 set for statistical significance to account for the 21 possible mul-
tiple comparisons. Other quantitative data were statistically evaluated
with one-way analysis of variance with Tukey's post-hoc test with
values considered statistically significantly different when p b 0.05.
The statistical software used was GraphPad Prism version 4.0c
(GraphPad Software, San Diego, California, USA).

Results

Effect of therapies on survival

Npc1−/− mice were treated with monotherapies (ibuprofen,
curcumin, miglustat), dual therapies (curcumin with either ibuprofen
or miglustat), or the combination of all three, and survival analysed
(Figs. 1A–B). The untreated Npc1−/− mouse model has an acute clinical
course and dies by 10–11 weeks of age with mean survival (late hu-
mane endpoint) of 10.5 weeks. Mean lifespan (Fig. 1A) was modestly
but significantly extended by monotherapy treatment with ibuprofen
(9%; p b 0.05) and curcumin (11%; p b 0.01), representing an increased
lifespan of just over a week in each case. Combining ibuprofen and
curcumin extended lifespan further than either monotherapy, and was
of additive benefit with a 22% increase in lifespan over the untreated
control group (p b 0.001). Miglustat monotherapy extended lifespan
to an average of 15.4 weeks; a 46% improvement compared to untreat-
edmice (p b 0.001), andwas also significantly better than the curcumin
& ibuprofen treatments (p b 0.001). Combining curcumin andmiglustat
had the greatest survival benefit, extending life expectancy in a syner-
gistic manner up to 20 weeks (mean of 19.3 weeks), an 83% increase
in lifespan compared to untreated mice (p b 0.001). Interestingly,
adding ibuprofen to the dual therapy had no additional benefit in
terms of survival and in fact was slightly, but not significantly, lower
with a mean survival of 18.2 weeks, a 73% improvement compared to
untreated mice (p b 0.001) (Fig. 1A). Treating with either the curcumin
&miglustat or the triple combination therapywas significantly better in
extending lifespan than miglustat alone (p b 0.001), demonstrating the
efficacy of combining these therapies (Fig. 1A). The distribution of the
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Kaplan–Meier survival curves (Fig. 1B) also showed significant im-
provement for each treatment group when compared to the untreated
control with a p b 0.0024 in each case, with the exception of ibuprofen
(p = 0.0025). When comparing between the various treatments,
the same groups proved to be significantly different as seen in the
mean lifespan analysis; the miglustat treated group survived longer
than the curcumin & ibuprofen treated group (p b 0.0001), the
curcumin&miglustat treated and the triple combination treated groups
survived longer compared to the group treated with miglustat alone
(both p b 0.0001), and no survival difference was observed between
the curcumin & miglustat treated and the triple combination treated
group (p = 0.0634).

Effect of therapies on body weight

Another indicator of therapeutic efficacy in Npc1−/− mice is the
maintenance of body weight (Davidson et al., 2009; Lloyd-Evans et al.,
2008). Typically, the weight of Npc1−/− mice plateaus at 7 weeks of
age, and then progressively declines. While none of the treatment com-
binations significantly increased the maximal weight of Npc1−/− mice,
significant alterations in the onset of weight loss were observed in
miglustat-treated mice and combinations containing miglustat. These
treatment regimes extended the length of time that Npc1−/− mice
were able to gain and maintain weight, seen as a rightward shift of
the typical untreated Npc1−/− weight curve (Fig. 1C). The time at

whichmaximalweightwas reached inmiglustat, miglustat & curcumin,
and triple combination treatedmicewas 0.8 (p b 0.05), 1.16 (p b 0.001)
and 2 weeks (p b 0.001) later than that in untreated mice, respectively
(Fig. 1D).

Themeanweight ofNpc1−/−micewas compared at 11 weeks of age
(Fig. 1E) when the average weight of the untreated Npc1−/− group had
dropped to 13.16 g. While a number of monotherapies showed no
significant maintenance of weight, the average weight of both the
curcumin & miglustat (16.1 g, p b 0.05) and triple combination groups
(18.1 g, p b 0.001) were significantly higher. Interestingly, while the
dual treatment was not significantly higher than miglustat alone, the
triple combination therapy was significant (p b 0.05), indicating an
enhanced beneficial effect when using all three treatments.

Effect of therapies on motor function

We also monitored the mice using rearing ability in an open field to
measure motor function/coordination (Fig. 1F). At 8 weeks of age, rear-
ing was not significantly improved by ibuprofen or curcumin mono-
therapies but was improved by miglustat monotherapy and any
combination that included miglustat (untreated Npc1−/−, 2.28 events/
5 min compared to miglustat, 22.64; curcumin & miglustat, 28.82; and
triple combination, 41.00 events/5min, all p b 0.001) (Fig. 1G). Rearing
activity was significantly improved in both the curcumin and miglustat
dual therapy (p b 0.01) and the triple combination therapy (p b 0.001)

Fig. 1. Effect of combination therapies on survival, weight andmotor function inNPC1−/−mice. Survivalwas evaluated applying a late humane end point (seeMaterials andmethods) and
is presented asmean survival (A), and asKaplan–Meier survival plots (B). All the treatment groups show a significant increase inmean lifespan versus theuntreated control group, and the
bars in (A) demonstrate significant differences in survival between treatment groups. The mean weight for each treatment group is plotted against age (C, error bars omitted for clarity),
while the averageweek atwhich the peakweight is reached for each treatment group is displayed in (D). Themaintenance ofweight in each treatment group is shown as themeanweight
for each group at 11 weeks of age in (E). Graphs (F–H) show the effect of the various therapies onmotor function in terms of behavioural rearing. The average number of rearing events in
each treatment group is plotted against age (F, error bars omitted for clarity), while thedifferences in the gradual loss/maintenance of function over time between the treatment groups are
shown by themean number of rearing events observed at 8 weeks (G) and 11 weeks (H) of age. All error bars± SEM, n≥ 5 for each treatment group, and a oneway ANOVAwith Tukey's
post test was used in (A) to measure significance. ***p b 0.001, **p b 0.01, *p b 0.05, and ns = non-significant.
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compared to miglustat alone. At 11 weeks of age, only the dual combi-
nation of miglustat and curcumin and the triple combination therapy
maintained rearing over the untreated Npc1−/− group (p b 0.01 and p
b 0.001, respectively) (Fig. 1H). Strikingly, at this time point the triple
combination group demonstrated significant maintenance of rearing
activity when compared to the dual therapy (p b 0.05).

Effect of therapies on CNS pathology

As the various treatment regimes demonstrated improved survival
and functional benefits, we tested a cohort of treated mice at
7.5 weeks of age and analysed the extent to which the therapies modi-
fied neuropathology using calbindin as a marker of Purkinje cells, DAPI
to visualise the cerebellar architecture/lobe organisation and CD68 as a

marker of microglial/macrophage activation to establish the degree of
neuroprotection garneredwith each treatment (Figs. 2–4). The untreat-
ed Npc1−/− mice displayed the characteristic progressive loss of
Purkinje cells with large-scale loss from lobules I–IV by 7.5 weeks
(Fig. 2A). Many CD68 positive microglia were evident throughout the
degenerating lobules with the greatest density in the lobules undergo-
ing most active cell death at this point (III–IV). As such, lobule III was
used for the consistent quantification of pathology.

Microglial recruitment

The relative level of microgliosis in the various treatment groups is
depicted in Fig. 2 (quantification in Fig. 2H). In ibuprofen-treated
mice, microglial recruitment to the molecular layer was reduced

Fig. 1 (continued).
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from 1027.98 microglia/mm2 observed in untreated Npc1−/− mice to
492.89 microglia/mm2 (p b 0.001), indicating a strong anti-
inflammatory effect (Fig. 2B), while curcumin monotherapy exhibited
no anti-inflammatory properties (Fig. 2C). Combining ibuprofen with
curcumin did reduce microgliosis when compared to curcumin alone
(765.84 microglia/mm2, p b 0.05) (Fig. 2D). Miglustat monotherapy
(Fig. 2E) (579.84 microglia/mm2) and miglustat & curcumin dual ther-
apy (Fig. 2F) (497.67 microglia/mm2) both significantly reduced
microgliosis compared to ibuprofen & curcumin therapy (p b 0.01).

The greatest reduction in microgliosis was in the triple combination
group (Fig. 2G), where only 337.38 microglia/mm2 of lobule III molecu-
lar layerwere observed, significantly less than the curcumin&miglustat
dual treatment and the ibuprofen monotherapy (p b 0.05).

Microglial activation

The morphological change in microglia from a resting morphology
to an activated morphology, then on to the phagocytic state was

Fig. 2. Effect of combination therapies onmicroglial recruitment in theNPC1−/− cerebellum. Images (A–G)depict representative images (2.5×) of sagittal sections of NPC1−/− cerebellum
at 7.5 weeks of age, either untreated (A) or treated with the various therapy combinations (B–G), where the relative level of microglial recruitment can be seen in each case. Lobule III
indicated by arrows in each example. Red = calbindin, green = CD68, and blue = DAPI. Quantitative analysis of the number of CD68+ microglia/mm2 of cerebellar lobule III
molecular layer is shown in (H), error bars ±SEM, n = 3 cerebella for each treatment group, and total sample set of 30,389 microglia counted over 46.328 mm2 of tissue. *p b 0.05,
**p b 0.01, ***p b 0.001 (ibuprofen vs untreated NPC1−/−), ^p b 0.05 (triple combination vs ibuprofen), and ns = non-significant, using a one way ANOVA with Tukey's post test. Scale
bar = 500 μm.
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Fig. 3. Effect of combination therapies onmicroglial activation/phagocytosis in the NPC1−/− cerebellum. Images (A–G) depict representative images (20×) of sagittal sections of NPC1−/−

cerebellar lobule III at 7.5 weeks of age, either untreated (A) or treated with the various therapy combinations (B–G), where the relative level of microglial activation can be seen in
each case. Red = calbindin, green = CD68, and blue = DAPI. Quantitative analysis of the average size of lobule III molecular layer resident CD68+ microglia in μm2 is shown in
(H), error bars ± SEM, and n = 3 cerebella for each treatment group. ***p b 0.001 and ns = non-significant, using a one way ANOVA with Tukey's post test. Scale bar = 250 μm;
25 μm in inset images, the exposure time in each case is identical to allow qualitative comparison of staining intensity.
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measured based on increased somal size (Kozlowski andWeimer, 2012;
Kreutzberg, 1996; Raivich et al., 1999) to indicate the level of microglial
activation/phagocytosis in each treatment group (Fig. 3, quantification
in Fig. 3H).

Microglial activation was prevalent in the untreatedNpc1−/−mouse
cerebellum, with the majority of the CD68 positive cells exhibiting
the large, rounded, amoeboid shape of highly activated and phagocytic
microglia as opposed to the ramified morphology with small cell
soma of resting microglia, with an average microglial cell body area of
162.77 μm2 (Fig. 3A). When assessing the various treatments tested, a

clear pattern emergedwhere any treatment combination not containing
ibuprofen (Figs. 3C, E–F) showedno difference from the untreated control
inmicroglial size, whereas any therapy containing the anti-inflammatory
drug ibuprofen showed significant reductions in microglial size, (ibu-
profen — 104.28 μm2, curcumin & ibuprofen — 112.05 μm2, triple
combination — 95.62 μm2, all p b 0.001 compared to untreated
Npc1−/−). In addition, the relative level of CD68 activation appeared
lower, in terms of staining intensity, in the ibuprofen-containing
treatments (compare insets in Figs. 3A, C, E and F to those in B, D
and G), indicating an attenuation of microglial activation.

Fig. 4. Effect of combination therapies on Purkinje cell survival/neuroprotection in the NPC1−/− cerebellum. Images (A–G) depict representative examples of sections of NPC1−/−

cerebellar lobule III in the sagittal plain at 7.5 weeks of age (multiple 10× images merged to recreate the whole lobule), either untreated (A) or treated with the various therapy
combinations (B–G), where the relative level of Purkinje cell survival can be seen in each case. Red = calbindin, green = CD68, and blue = DAPI. Quantitative analysis of the average
number of surviving Purkinje cells/mm of Purkinje cell layer is shown in (H), error bars ± SEM, n = 3 cerebella for each treatment group, and total sample set of 3934 neurons counted
over 356.873 mm of tissue. *p b 0.05, ***p b 0.001, and ns = non-significant, using a one way ANOVA with Tukey's post test. Scale bar = 500 μm.
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Purkinje cell neuroprotection

Purkinje cell survival was quantified for each therapy, recording
the number of surviving lobule III Purkinje cells/mm of Purkinje
cell layer (Fig. 4). There was little survival of Purkinje cells in this
region in untreated Npc1−/− cerebellum, with the few remaining
cells (2.54 Purkinje cells/mm pcl) exhibiting dendritic degenera-
tion (Fig. 4A). A similar level of neurodegeneration was evident
in the ibuprofen-treated cerebellum (Fig. 4B), where a small
but non-significant increase in Purkinje cells was observed
(4.53 Purkinje cells/mm pcl). Curcumin treated mice demonstrated a
degree of Purkinje cell protection relative to untreated controls
(7.94 Purkinje cells/mm pcl, p b 0.001) (Fig. 4C), as did the curcumin
& ibuprofen dual therapy treated mice (7.10 Purkinje cells/mm pcl, p
b 0.01) (Fig. 4D).

Miglustatmonotherapy (Fig. 4E) exhibited amuch stronger neuropro-
tective effect than the curcumin treatment, andwhile patches of Purkinje
cell loss were still evident, the level of Purkinje cell survival was much
higher (15.87 Purkinje cells/mm pcl, p b 0.001). The same was true for
the curcumin & miglustat dual treatment (16.00 Purkinje cells/mm
pcl, p b 0.001) (Fig. 4F), and although the dual treatment did have
slightly more Purkinje cell survival (and objectively slightly better
dendritic condition), it was not significantly better than miglustat
alone. Remarkably, the triple combination therapy resulted in a high
level of neuroprotection, with only sporadic patches of Purkinje
cell loss evident across lobule III (21.20 Purkinje cells/mm pcl)
(Fig. 4G). This was a slight but significant improvement over the other
miglustat-containing therapies (p b 0.001) (Fig. 4H), indicating that
the triple combination therapy was the most effective neuroprotective
treatment tested.

Discussion

NPC disease is a highly complex lipid storage disorder with multiple
potential clinical intervention points that can be targeted with small
molecules. In this study, we have combined miglustat, curcumin and
ibuprofen to determine whether triple combination therapy provides
greater functional benefit and/or enhances neuroprotection.

Our findings with regard to the monotherapies are in broad agree-
ment with previous studies (Lloyd-Evans et al., 2008; Smith et al.,
2009; Zervas et al., 2001). Of greater interest were the results obtained
in the combination therapy strategies. While overall survival was not
improved in Npc1-/- mice treated with the triple combination versus
the miglustat & curcumin dual therapy, this was not surprising as we
previously observed poor tolerability of liver metabolised drugs, such
as ibuprofen, in the Npc1−/− mouse (Smith et al., 2009). However, the
benefits of triple combination therapy were consistently more robust
versus miglustat in all other parameters relative to the dual therapy
(Figs. 1C–H). Indeed, combining miglustat with the other treatments
counteracted the reported side-effect of miglustat on weight gain
(Davidson et al., 2009; Zervas et al., 2001), which together with an
improvement inmotor function (evenwhen compared to the dual ther-
apy) and a 73% increase in lifespan, indicates a greater functional benefit
in combining all three treatments.

The additive/synergistic benefits gained by combining the treat-
ments are also evident in the effect on cerebellar pathology. As previ-
ously demonstrated, the cerebellum is an appropriate brain region to
test neuropathology/neuroprotection by virtue of the correlation
between behavioural symptoms and Purkinje cell loss, and while
inflammation is not the pathogenic factor for neurodegeneration, the
predication of neuronal loss by microgliosis is a useful measure of
disease progression and severity in the brain (Baudry et al., 2003;
Elrick et al., 2010; Ko et al., 2005; Lopez et al., 2011; Smith et al., 2009;
Yu et al., 2011). In terms of neuronal survival and microglial pathology,
the triple combination therapy outperformed the other treatment
regimes.

While it is true that we see maintenance of weight, rearing activity
and Purkinje cell numbers, it is not continuous. The behavioural factors
do decline over time, and while the level of neuroprotection at
7.5 weeks is impressive with the triple combination therapy, small
patches of neuronal loss are observable, as are the early stages of
microgliosis. As such, these treatments appear to only delay symptom
onset rather than arrest a particular aspect of pathology. Still, themain-
tenance of motor function and cerebellar neurons at respective periods
in the disease course where loss is near total represents a significant
benefit, and confirms the validity of targeting multiple, independent
aspects of pathophysiology as a therapeutic strategy.

The finding of enhanced neuroprotection in the absence of consider-
ably enhanced survival in these treatments highlights the dangers of
using survival/behavioural measures to infer CNS effects, or as a sole
screening criteria of therapeutic efficacy in the Npc1−/− mouse
(Borbon et al., 2012). Careful dosing of ibuprofen demonstrated that
the treatment has a greater disease-modifying effect than expected
from themodest improvement in survival by virtue of the strong reduc-
tion of neuroinflammation and the improved neuroprotection seen in
the triple combination therapy. Interestingly, while the study overall
agreed with previous work that monotherapy with NSAIDs/anti-
oxidants is not overtly neuroprotective (Smith et al., 2009), there was
a trend towards enhanced Purkinje cell survival (Fig. 4H). This could po-
tentially be explained by the limited timeframe available for treatment,
however another study fromour laboratory has indicated a P450 system
defect in NPC1 (Al Eisa and Platt, unpublished observation). If liver
toxicity/P450 defect can be effectively alleviated inNPC1, itwould be in-
triguing to see whether the anti-inflammatory portion of the combina-
tion therapy could be further optimized. Recent publications have
discussed how inflammatory processes can be positive factors in NPC1
and that inhibiting them, such as genetic deletion of the cytokine Ccl3,
in fact worsens weight loss progression and shortens lifespan in
Npc1−/− mice (Lopez et al., 2012). However, in this study we have ob-
served beneficial effects of anti-inflammatory treatment as part of a
combination therapy. The concept of inflammation as a double-edged
sword, initially beneficial then becoming increasingly detrimental, is
the case in another lysosomal storage disorder, Sandhoff disease
(Wada et al., 2000). This rationalemay explain the limited timewindow
for the effectiveness of ibuprofen, with early treatment negating posi-
tive inflammatory processes, and delayed treatment slowing the later
stages of neurodegeneration-induced microgliosis.

These results also provide mechanistic insight into the therapeutic
agents used in this study. Curcumin hasmany potential modes of action
(Bilmen et al., 2001; Lopresti et al., 2012; Srivastava et al., 2011), many
studies citing its anti-inflammatory/anti-oxidant properties (Basnet and
Skalko-Basnet, 2011; Belcaro et al., 2010; Borbon et al., 2012) as op-
posed to a SERCA-mediated effect on cytosolic calcium levels in NPC1
(Lloyd-Evans et al., 2008). Throughout our study, there were strong ad-
ditive/synergistic increases in survival, weight and rearing activity using
the ibuprofen & curcumin dual treatment (significant using direct t-
tests, yet occluded in the one-way ANOVA data analysis by the much
larger differences observed in the miglustat-containing combination
therapies (Fig. 1)). If curcumin was acting via an anti-inflammatory
mechanism, you would not expect the synergistic increases in weight
maintenance or rearing that we observed when used in conjunction
with ibuprofen. Curcumin monotherapy showed no anti-inflammatory
action in cerebellar pathology,while adding ibuprofen to the other ther-
apies further reduced microglial recruitment versus monotherapy and
was the singular factor that reduced microglial activation/phagocytosis,
indicating that curcumin and ibuprofen likely have separate mecha-
nisms of action in NPC1. Indeed, other work has demonstrated that
modified curcuminoids lacking SERCA antagonist properties, but
which retain their anti-oxidant action, do not ameliorate NPC1 defects
in cells (Dr. Emyr Lloyd-Evans; personal communication).

The disruption of NPC1 function affects a large number of cellular
processes, including lipid transport, lysosomal calcium homeostasis,
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vesicular trafficking and autophagy (Elrick et al., 2012; Garver et al.,
1999; Kaptzan et al., 2009; Lloyd-Evans et al., 2008; Sarkar et al.,
2013; te Vruchte et al., 2004; Walter et al., 2009). While targeting the
initial gene/protein defect in NPC1 may prove elusive for the time
being, the presence of many different downstream therapeutic targets
would suggest that combination therapies might play an important
role in the management of symptoms for patients and potentially be
synergistic. Here we show that targeting three independent steps in
the pathogenic cascade has enhanced therapeutic benefit in a mouse
model of NPC1, extending lifespan as well as delaying the onset of mor-
bidity and neuronal loss. This study, along with others (Hovakimyan
et al., 2013), demonstrates the amenability of NPC1 to combination
therapy, and suggests that trials of this approach in patients are
warranted.
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