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Overture: the importance of lipids and lipid metabolism dysfunction 

From whales to bacteria, all beings depend on the tight balance between the synthesis, 

breakdown and processing of biomolecules to support their growth and replication, 

including nucleic acids, proteins, carbohydrates and lipids. Lipids consist of a heterogeneous 

group of water-insoluble and organic-soluble molecules, which perform a wide range of 

biological functions. At the cellular level, lipids are essential for membrane structure and 

function, and are also important substrates for energy production and signaling molecules. 

In multicellular organisms, lipids also contribute to thermal regulation, energy storage and 

interorgan communication. Given that lipids play extensive and important roles in 

physiological processes, it is not surprising that lipid metabolism is a complex and tightly 

regulated process, both at whole-body and at the cellular level. Indeed, dysfunctions of lipid 

metabolism, even if subtle, trigger a domino-like cascade of events that culminate in the 

development of severe metabolic disorders. 

 

For years, it has been inevitable to find oneself gazing at expressions such as “global 

obesity/metabolic syndrome epidemic” time and time again. Far from a cliché, such words 

accurately describe the reality of more and more individuals, whose lifestyle often propels 

the development of severe and fatal disorders (1). In parallel with reduced rates of physical 

activity, easy access to highly caloric and nutrient-poor foods has translated into the 

seemingly ever-increasing prevalence of overweight and obesity worldwide among children 

and adults alike. In addition to unhealthy lifestyles, patients suffering from a wide range of 

genetic diseases are predisposed to overweight and metabolic dysfunction. Regardless of the 

underlying etiology, metabolic disorders often feature lipid metabolism dysfunction as a 

pathophysiological mechanism. Importantly, overweight and metabolic disorders are major 

risk factors for the development of non-communicable diseases such as cardiovascular and 

liver disease, dementia and cancer, which account for nearly 70% of preventable deaths 

worldwide (2). Although the dangers of infectious diseases were once again in the spotlight 

in 2020, there is no doubt that metabolic disorders and associated disease burden consist of 

some of the largest threats to public health and will remain so in years to come. In order to 

develop new therapeutic strategies and counterbalance morbidity rates associated with 

metabolic disorders, there is a pressing need to explore key players in lipid metabolism, in 

health and disease. 

 

In this General Introduction, I will provide an overview of whole-body lipid metabolism. 

Subsequently, I will focus on the roles mediated by lysosomes and the lysosomal Niemann-

Pick type C1 (NPC1) protein in lipid metabolism. Finally, I will emphasize the consequences 

of lysosomal and NPC1 impairment and their involvement in metabolic disorders.  
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Lipid metabolism and trafficking: to the liver and beyond  

Throughout their lives, individuals will consume a wide variety of dietary sources of lipids, 

ranging from grilled fish to avocados, pizza and dark chocolate. Regardless of the meal, 

dietary lipids must be broken down and ultimately absorbed via the gastrointestinal tract, a 

process made complex due to the intrinsic hydrophobia of lipids and the watery nature of 

most body fluids. As our food reaches the duodenum and the small intestine, enzymes and 

bile acids collaborate to stabilize lipid emulsions and further break down lipid molecules into 

free fatty acids (FFAs), monoglycerides, lysophospholipids and free cholesterol. Dietary and 

bile acid-derived lipids are ultimately internalized by the intestinal enterocytes, where they 

are further processed and shipped as chylomicrons to the lymphatic system in order to finally 

reach the liver, the body’s metabolic hub (3, 4). 

 

A proverbial “Jack of all trades”, the liver contributes to a plethora of physiological needs, 

including storage and synthesis of glucose, lipids and proteins/amino acids; regulation of 

glucose and lipid blood levels; maintenance of optimal blood volume; production of bile acids 

and maintenance of intestinal absorption of lipids, fat-soluble vitamins and minerals; 

regulation of immune responses; and the processing and excretion of drugs and xenobiotic 

and biological waste molecules (5, 6). A variety of cells cooperate to support liver functions, 

namely, hepatocytes, the most abundant liver cell type and considered its main effector cell; 

Kupffer cells, the liver’s resident macrophages; stellate cells, which contribute to vitamin 

storage and scar tissue formation in case of injury; and biliary epithelial cells and endothelial 

cells, which specialize in bile production and selective molecule exchange, respectively (7). In 

addition to its cellular composition, the liver’s central position, lobular organization and 

unique dual blood supply make it well tailored to perform the array of functions mentioned 

above. 

 

After every meal, intestine-derived nutrients and chylomicrons reach the liver via the hepatic 

vein, where the lipid contents of chylomicrons are internalized by the hepatocytes. Here, 

FFAs, phospholipids and cholesterol esters can either be stored for later use in cytosolic lipid 

droplets or metabolized according to the needs of hepatocytes. In addition, dietary lipids are 

also packaged by hepatocytes in very low-density lipoproteins (VLDLs), triglyceride (TG)-

enriched particles stabilized by a coating of apolipoproteins, cholesterol and phospholipids, 

which are then shipped into the circulation (8, 9). As VLDLs make their way through the 

body, they eventually make contact with VLDL receptors, produced mainly by energy-

demanding tissues such as the heart and muscle, as well as by the adipose tissue, a prime 

extra-hepatic site for fat storage. Once anchored in place by VLDL receptors, VLDL-derived 

TGs are released and hydrolyzed into FFAs by lipoprotein lipases and internalized by the 

cells on site. As VLDLs progressively unload their lipid cargo throughout the body, they 

 1 
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become smaller and poorer in TGs, thus transitioning into IDLs. In turn, IDL particles are 

further enriched in cholesterol captured from HDL and depleted of TGs, originating LDL, the 

body’s main cholesterol carrier. The interaction of LDL’s apolipoproteins with cells via LDL 

receptors results in the release of LDL contents into the cells for further processing or storage. 

Conversely, excess cellular lipids are secreted by the various organs and tissues into 

circulating HDL and delivered back to the liver, where the contents can be further processed 

for usage (fi, bile acid production), storage or excretion in feces (3, 10).  

 

Notably, unlike other organs and tissues, the nervous system is not dependent on liver-

derived V- and LDLs to receive its share of lipids, as these particles hardly cross the blood-

brain barrier (BBB) (11). Although the brain usually uses glucose to meet its high energy 

requirements, it is one of the fattiest organs in the body and it needs high levels of lipids, 

particularly cholesterol, to maintain neurotransmission and axon myelination, as well as to 

support constant synthesis and remodeling of synapses. While, as aforementioned, the brain 

is mostly impermeable to lipoproteins, it receives esterified and free FAs carried by liver-

produced albumin in the blood. Once FAs cross the BBB, they are carried to astrocytes, 

arguably the brain’s most abundant cell type. In addition to receiving and processing FAs 

from the blood circulation, astrocytes oversee cholesterol de novo synthesis in the brain and 

lipoprotein-mediated lipid delivery to neurons and other cells within the nervous system (12). 

While lipid deficiencies can severely compromise proper brain function, excessive lipid levels 

may also lead to cellular dysfunction and death. In order to avoid lipotoxicity, brain cells, 

particularly neurons, convert surplus cholesterol to 24S-hydroxycholesterol, which 

transverses the BBB much easier than cholesterol (13). 24S-hydroxycholesterol then exits the 

nervous system following incorporation into peripheral HDL and, to a lesser extent, LDL 

particles, making its way into the liver, where it is finally excreted as bile. For an overview of 

lipid trafficking across the body, please refer to Figure 1. 

 

Although whole body lipid metabolism is an extensive process on its own, the fact that it must 

be enacted in coordination with glucose and amino acid metabolism adds another layer of 

complexity to the process. Although it is beyond the scope of this Introduction (and PhD 

thesis in general) to paint a complete picture of whole-body metabolism, it is important to 

emphasize the role of organ crosstalk in whole-body metabolism, as deficiencies in one 

process or another can – and do - trigger a “house of cards” effect in metabolic disorders. 

 

While, as aforementioned, the liver is essential in regulating whole-body metabolism at all 

levels, it is not alone in this herculean task. In times of abundance, for instance after a meal, 

increased blood glucose levels prompt the release of insulin by the pancreas; conversely, low 

glucose levels during fasting or in between meals trigger the release of glucagon, a hormone 
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that counteracts the effects of insulin. Overall, activation of insulin receptors in the liver and 

other organs stimulates the uptake, storage and use of glucose as fuel, suppressing its 

synthesis. In parallel, insulin activity inhibits lipolysis in the adipose tissue, thus stimulating 

the synthesis and storage of TGs in lipid droplets for use when glucose levels plummet and 

glucagon activity increases. Dysregulation of glucose and/or FA levels and metabolism in 

obesity and metabolic disorders is often associated with impaired response to insulin, 

resulting in high blood glucose levels (14). In addition, abnormal insulin activity leads to 

increased TG synthesis, which further contributes to excess cellular lipid accumulation and 

secretion, increasing VLDL and LDL levels in the blood (15). In addition to pancreatic 

hormones, the brain, adipose tissue and muscle also sense nutrient levels and in turn regulate 

whole-body metabolism by a variety of mechanisms, most notably via the release of a variety 

of hormones that ultimately enhance or suppress appetite and regulate lipid and glucose 

catabolism and anabolism (16-18). 

 
Figure 1 Overview of whole-body lipid trafficking. Dietary lipids are broken down in the gastrointestinal tract to be 

absorbed in the small intestines and shipped into the liver as chylomicrons. Hepatic cells metabolize TGs, phospholipids 

and cholesterol and package them into VLDL particles, which travel along the circulation in order to reach other organs, 

such as the heart, muscles and adipose tissue. As VLDLs shed their TG content along the way and become enriched in 

cholesterol, they become LDL, the body’s main cholesterol carrier. Unlike the majority of organs and tissues, the nervous 

system is mostly impermeable to circulating V- and LDL; instead, brain cells meet their lipid needs by sequestering 

albumin-bound circulating FAs and producing cholesterol de novo. Excess cholesterol, converted to 24S-

hydroxycholesterol in the case of the brain, is excreted and incorporated into circulating HDL and returned to the liver, 

where it can be further processed for storage or excretion in the large intestines. This figure was created with 

BioRender.com. 
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Finally, in addition to organs and self-derived cells and molecules, our gut microbiome is 

increasingly implicated in the regulation of lipid metabolism. While largely ignored for 

decades, a growing body of research, aided by the advent of gene sequencing, has identified 

thousands of species of micro-organisms in the gut. Similarly to a fingerprint, the microbiome 

composition is a highly personal affair, dependent on the individual’s genes, age, metabolism 

and history of infections, as well as on the diet and exposure to environmental factors and 

drugs (14). Despite interpersonal variations, studies have shown that different structures and 

organs (fi, skin, mouth, vagina, gut) within large human populations display characteristic 

microbe compositions. Importantly, shifts in microbiome composition are associated with 

diseases such as Parkinson’s disease, depression, liver disease and cancer (15). Although 

many efforts are ongoing to establish a causal relationship between the microbiome 

composition and disease development, researchers have determined that a healthy gut 

microbiome contributes to our welfare, for instance, by preventing the growth and spread of 

foreign pathogens; aiding in the breakdown and absorption of nutrients; and regulating 

immune responses and metabolism (14). 

 

Overall, optimal whole-body lipid metabolism aims to balance the amount of lipids 

produced, stored and used by the cells for structural and energy-producing purposes after 

and in between meals; as well as to keep the amount of lipids in the circulation within a strict 

physiological range, thus avoiding lipid deficiencies or lipotoxicity. Proper function and 

collaboration among a wide array of cell types, including hepatocytes, pancreatic β cells and 

adipocytes is essential and underlies the network of whole-body lipid metabolism. At the 

cellular level, lysosomes are also emerging as key players in lipid metabolism, with effects 

that can impact whole-body processes. 

 

Lysosomes and lysosomal NPC1 as regulators of cellular cholesterol trafficking and 

metabolism 

Throughout their lifetime, cells in our bodies will continuously send and receive nutrients 

and signaling molecules, thus mutually regulating their activity for the common good. 

Depending on the size, electric charge and hydrophilia of the cargo, molecules can cross 

cellular membranes by passive or facilitated diffusion (in case of small hydrophobic 

molecules moving along their concentration gradient); active transport (in which large and/or 

hydrophilic molecules are bound to protein transporters and carried along or against their 

concentration gradient); and by endo- and exocytosis, in which incoming and outgoing 

molecules, respectively, make their way in or out of cells within membrane-bound vesicles. 

In the case of LDL uptake by cells, for instance, LDL must first interact and attach to LDL 

receptors anchored at the extracellular side of the cell’s membrane. Subsequently, the plasma 

membrane at the site of LDL/LDL-receptor complex folds onto itself and “pinches off”, thus 
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forming a membrane-bound vesicle (early endosome). Proton pumps incorporated into the 

membrane of early endosomes lower the vesicle’s pH to 6.0, causing the dissociation of LDL 

and its receptor (16). Subsequently, the LDL receptor is incorporated into a different vesicle 

and recycled back into the membrane, whereas the LDL-containing vesicle will fuse together 

with other endosomes and, ultimately, with a lysosome (Figure 2). 

 

 
Figure 2 Overview of NPC1-mediated cholesterol processing in lysosomes. Circulating LDL makes contact with a 

cellular LDL receptor, forming a LDL-LDL receptor complex that undergoes endocytosis.  After being incorporated into 

an endosomal vesicle, the bond between LDL-LDL receptor is broken, and the LDL receptor is returned to the plasma 

membrane. Once the LDL-containing endosome merges with a lysosome, lysosomal enzymes break down LDL contents 

into smaller molecules, including free cholesterol. Free cholesterol is captured by NPC2 and transferred onto NPC1 for 

efflux from the lysosome. NPC1 then contributes to distribute lysosomal cholesterol among different cellular targets (f.i., 

the plasma membrane, mitochondria, endoplasmic reticulum), where it will be processed for further use. In addition to 

LDL-derived cholesterol, lysosomes also process cholesterol from other sources, including damaged organelles or lipid 

droplets, by merging with autophagosomes. This figure was created using BioRender.com. 

 

Lysosomes are organelles specialized in the breakdown of extra- and intracellular molecules, 

as well as in the sorting of breakdown products throughout the cell’s organelles. To this end, 

lysosomes contain dozens of enzymes that can break down all classes of macromolecules, 

from nucleic acids and proteins to lipids and carbohydrates (17). Importantly, lysosomal 

enzymes are manufactured so that they are active and most efficient at the lysosomal pH, 

which ranges from 4.5-5.5 and is maintained by a variety of membrane bound ATP-

consuming ion pumps. In addition to acting as an intermediate site for incoming nutrients 

and molecules, phagocytosis-derived microorganisms and foreign antigens captured by 
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immune cells are also broken down within lysosomes. Notably, so are intracellular 

macromolecules and misfolded or aggregated proteins, as well as damaged organelles, such 

as mitochondria. This process, in which the cell essentially “eats” parts of itself (autophagy), 

allows cells to maintain homeostasis by removing faulty components, avoiding the 

accumulation of toxic compounds, and obtaining energy substrates and anabolic components 

in times of scarcity (18). 

 

Once lysosomal contents are broken down, they must exit lysosomes and reach the cytosol or 

other organelles, according to cell’s needs. In the case of cholesterol, this process is achieved 

by coordinated action of Niemann-Pick type C2 (NPC2) and NPC1 proteins. As soon as 

lysosomal acid lipases break down cholesterol esters, the resulting free cholesterol is bound 

by NPC2, a globular protein in the lysosomal lumen. Subsequently, NPC2 transfers bound 

cholesterol molecules to NPC1, a lysosomal transmembrane protein (16). While research is 

ongoing to elucidate the exact mechanisms underlying the interaction between cholesterol, 

NPC2 and NPC1 and subsequent cholesterol efflux from lysosomes, recent studies give 

various clues regarding the process. It is likely that cholesterol passes through NPC1 to the 

outer leaflet of the membrane (17-20). Here, NPC1 acts as membrane contact site tether, thus 

bringing lysosomes and the plasma membrane or organelles together so that lysosomal free 

cholesterol is directly incorporated at the target site (21). Of note, lysosomes and NPC1-bound 

cholesterol are important components of the cellular lipid metabolism network (22), 

regulating TG and cholesterol storage and de novo synthesis; use of lipids as energy substrates 

and cellular building blocks and FFA uptake and LDL receptor synthesis and incorporation 

in the plasma membrane (21, 23-26). 

 

Overall, as an integration site of a variety of extra- and intracellular cargo and signals, 

lysosomes are increasingly acknowledged as important sensors and regulators of cell 

function, metabolism and homeostasis. Zooming in further, lysosomal NPC proteins are 

essential for proper lysosomal cholesterol efflux and subsequent cellular use. In addition, 

recent studies suggest that proper NPC function is key for cholesterol distribution, regulation 

of lipid metabolism and autophagy (24, 27), as well as for the activity of organelles responsible 

for a multitude of processes, ranging from protein folding to antioxidant defenses. As such, 

it is unsurprising that disturbances in lysosomal function and NPC have a severe impact in 

overall cellular homeostasis, as is increasingly observed in a variety of acquired and genetic 

metabolic disorders, and, even more clearly, in NPC1 disease patients.  
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Lysosomal cholesterol accumulation in NPC1 disease and acquired metabolic diseases 

NPC1 protein dysfunction in disease 

It is estimated that nearly 1 in 100,000 people worldwide are born with NPC1 disease, an 

autosomal-recessive disorder arising from deleterious mutations in the genes encoding for 

either NPC1 or NPC2 proteins (accounting for ~95% and 5% of cases, respectively) (28). 

Although rare, NPC1 disease has been the subject of an impressive body of research, greatly 

due to efforts from clinicians and families to raise awareness and fuel the search for effective 

diagnostic and therapeutic tools. The range of NPC1 and NPC2 mutations uncovered to date 

is extensive, and specific mutations can have more or less impact on protein function and 

disease severity (29). Although many patients experience late-onset and relatively mild 

symptoms, a significant portion of NPC1 disease patients suffer from debilitating symptoms 

from a young age and have their life expectancy capped at twenty to thirty years. While the 

range and severity of clinical manifestations of NPC1 disease are ultimately tied in with the 

patient’s mutation and level of NPC1 protein deficiency, they include: hepatic dysfunction, 

which often translates into jaundice and hepatomegaly; spleen and lung enlargement and 

dysfunction; as well as neurological deficits and neuropsychiatric disorders, including motor 

and cognitive deficits and dysphagia, which take a severe toll in patients. Importantly, 

although lysosomal cholesterol accumulation is the primary consequence of NPC1 

dysfunction, the accompanying oxidative stress and inflammatory responses are important 

contributors to cell death, organ dysfunction and overall disease burden. Overall, in tandem 

with progressive disease severity, delayed diagnosis and limited therapeutical options are 

major contributors to premature mortality rates of NPC1 disease patients.  

 

While there is a wide range of clinical manifestations of NPC1 disease reported to date (30), 

the liver is commonly affected, culminating in neonatal cholestasis and jaundice, 

hepatomegaly (i.e., liver enlargement) and liver failure and hepatocarcinoma. As the body’s 

main lipid storage site, it is unsurprising that liver dysfunction is a hallmark of NPC1 disease, 

and murine models of the disease feature hepatic steatosis, inflammation and fibrosis. 

Following lysosomal lipid entrapment in the liver, a reduction in subcellular cholesterol levels 

likely underlies SREBP activation, while defects in oxysterol synthesis dampen LXR-mediated 

processes, such as ABCA1 production and integration in the plasma membrane. Overall, 

these events lead to increased cholesterol and FA synthesis, in parallel with defects in excess 

lipid excretion. Such disturbances of liver-mediated lipid metabolism following NPC1 defects 

are mirrored by defects in lipoprotein production, namely, by relatively low levels of plasma 

LDL and HDL in parallel with increased plasma triglyceride levels (31). Furthermore, 

circulating LDL particles are routinely removed from the circulation by liver macrophages, 

along with cholesterol-rich apoptotic cells’ debris, exacerbating lysosomal lipid accumulation 

and lipotoxicity in these cells and causing their conversion into foamy cells. Foamy cells, in 

 1 
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turn, display an activated pro-inflammatory profile which, in the context of chronic 

dysfunction and oxidative stress, contributes to liver damage that can culminate in fibrosis 

and acute liver failure. Overall, NPC1 impairment and lysosomal cholesterol entrapment 

have profound consequences for liver function, which can manifest as severe clinical 

phenotypes in a significant portion of patients.  

 

While the systemic involvement of NPC1 disease is significant for many patients, the brain is 

by far the hardest and most commonly hit organ. Although the brain is mostly impermeable 

to LDL-derived cholesterol, brain cells exhibit high rates of cholesterol biosynthesis and 

turnover, particularly glial cells, as cholesterol is essential for a myriad of brain functions (32). 

Oligodendrocytes exhibit the highest rates of cholesterol synthesis in the central nervous 

system, which they then use for the production of myelin sheath production, a process 

essential for axon insulation and optimal neurotransmission. Astrocytes, in turn, are prime 

cholesterol sources for neurons, and astrocyte-derived cholesterol is transported to neurons 

in ApoE lipoproteins, which, similarly peripheral LDL, undergo endocytosis. In addition to 

ApoE-derived cholesterol, major sources of lysosomal cholesterol in the brain include myelin 

sheaths, neurotransmitters, and the plasma membrane. Functionally, cholesterol in the brain 

is important for a number of processes which are hindered by lysosomal cholesterol 

entrapment in NPC1 disease, including synapse synthesis and remodelling (33, 34); vesicle-

mediated neurotransmitter transport and recycling and regulation of neurotransmitter and 

neurotransmitter receptors. In addition, changes in calcium cellular distribution following 

lysosomal cholesterol accumulation further impact calcium-mediated signalling processes 

and neurotransmitter signalling transduction (35). Furthermore, due to high energy 

requirements, the nervous system is particularly prone to excess ROS production, and 

mitochondrial dysfunction and oxidative stress following lysosomal cholesterol 

accumulation are major pathological triggers for neurodegeneration in NPC1 disease (36). 

Overall, the abovementioned mechanisms result in severe neurological symptoms in NPC1 

disease, including cognitive and motor deficits, neuropsychiatric disorders, vertical 

supranuclear gaze palsy and ataxia. Not only are neurological symptoms common among 

NPC1 disease patients, they are also major contributors to loss of quality of life and reduced 

life expectancy, and are thus important targets for NPC1 disease therapeutical strategies. 

 

Notably, while full NPC1 impairment, as observed in NPC1 disease, is a relatively rare 

occurrence, genome-wide association studies have uncovered population-specific NPC1 

single nucleotide polymorphism that predispose individuals to overweight, obesity and even 

cardiovascular disease and type 2 diabetes (25). Furthermore, researchers observed that 

carriers of rare loss-of-function NPC1 mutations, manifesting as heterozygous deleterious 

gene mutations, were more predisposed to obesity than control subjects (37, 38). While these 
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studies are of an associative nature, it is hardly a coincidence that NPC1 variants impacting 

NPC1 function predispose individuals to metabolic dysfunction. Overall, when taken 

together with the severe clinical phenotype of NPC1 disease patients, the abovementioned 

findings emphasize the importance of NPC1 protein and lysosomal function in cell 

homeostasis and health in general.  

 

The unholy trinity: lysosomal dysfunction, inflammation and oxidative stress 

Following NPC1 impairment, lysosomal cholesterol accumulation compromises lysosomal 

function in several ways that directly or indirectly contribute to disturbed cell homeostasis. 

First, lysosomal accumulation of free cholesterol increases the lysosomal pH (39, 40), 

impairing the activity of lysosomal enzymes and the breakdown of lysosomal contents, which 

in turn further increases lysosomal engorgement. Furthermore, lysosomal cholesterol buildup 

disturbs lysosomal iron metabolism and calcium flow (41-43), and impairs endolysosomal 

traffic and autophagy. In addition, loss of acidic lysosomal pH contributes to the formation 

of cholesterol crystals (44), leading to lysosomal membrane destabilization and leakage of 

lysosomal contents into the cytosol (45). Finally, and possibly quite obviously, lysosomal 

entrapment of cholesterol compromises its trafficking to the plasma membrane and other 

organelles, leading to the dysregulation of cellular lipid contents and metabolism. Given the 

role of lysosomes on a multitude of cellular processes, following lysosomal cholesterol 

accumulation and lysosomal dysfunction, cell homeostasis and function is inevitably 

disturbed. In addition, when discussing the link between lysosomal cholesterol accumulation 

and cell/organ dysfunction (i.e., disease burden), two more mechanisms inextricable from 

lysosomal dysfunction must be considered: inflammation and oxidative stress.  

 

In case of lysosomal lipid accumulation and associated homeostasis impairment, “distress” 

pathways are triggered in cells in order to flag abnormalities and encourage repair. 

Cholesterol crystal formation, as well as impaired autophagy and mitochondrial function 

following lysosomal cholesterol accumulation (46, 47), activates the cells’ inflammasome, a 

family of multiprotein complexes that induce pro-inflammatory responses in response to 

injury or infection. To date, lysosomal cholesterol overload has been shown to activate NLRP3 

inflammasomes, culminating in the maturation of pro-inflammatory IL-1β and IL18 cytokines 

and in the cell’s death via pyroptosis and release of cellular contents in the extracellular space. 

Upon recognition of apoptotic cells and their contents, as well as exposure to pro-

inflammatory cytokines, immune cells quickly shift towards a pro-inflammatory profile, 

characterized by increased production of pro-inflammatory cytokines and chemokines that 

signal for the recruitment and activation of circulating immune cells. Resident and monocyte-

derived macrophages proceed to phagocyte lipid-rich cell debris and toxic compounds, a 

process that heavily relies on proper lysosomal function. In addition to triggering the 
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inflammasome, lysosomal lipid accumulation, for instance due to a dysfunctional NPC1 

protein, impairs the ability of macrophages to clear apoptotic cells, thus compromising the 

resolving of the inflammatory response (48). In addition, lysosomal lipid accumulation in 

macrophages interferes with excess-lipid packaging into HDL molecules, further 

exacerbating macrophage dysfunction and activation. Of note, findings of one study suggest 

that prolonged lysosomal cholesterol accumulation in human macrophages leads to 

irreversible lysosomal pH disturbance (39), a factor that may also contribute to sustained 

inflammatory responses. Finally, lysosomal cholesterol accumulation and impaired 

lysosomal function can induce senescence in macrophages, as well as interfere with the 

activation of anti-inflammatory programs within immune cells (49-51). Overall, chronic 

lysosomal cholesterol accumulation, as in the case of NPC1 disease, results in sustained and 

stronger pro-inflammatory programming of immune cells which exacerbates tissue damage 

and disease burden, rather than alleviating it. 

 

Oxidative stress, characterized by excessive ROS production in parallel with compromised 

antioxidant defenses, goes hand-in-hand with lysosomal lipid accumulation and subsequent 

impaired homeostasis and inflammatory responses. ROS are a heterogeneous population of 

molecules whose structures are changed upon losing electrons or accepting electrons from 

other molecules. Functionally, ROS are inevitable by-products of energy production in 

mitochondria and metabolic processes in peroxisomes and the endoplasmic reticulum (ER); 

in addition, ROS are produced in immune cells and play an important role in defense against 

pathogens. Despite their production being tied-in with healthy physiological processes, 

excessive ROS production poses a threat to cells, as they can react with molecules such as 

lipids, proteins and nucleic acids, changing the structure of macromolecules and thus 

compromising their biological functions. To prevent ROS accumulation and associated 

damage, cells are equipped with a variety of endogenous antioxidant systems, including 

superoxide dismutases and glutathione, as well as diet-derived antioxidants such as vitamins 

E and C. 

 

Lysosomal cholesterol accumulation and subsequent impairment of lysosomal regulation of 

cellular cholesterol, iron and calcium levels (52), as well as of autophagy (53), predisposes 

cells to oxidative stress via a variety of mechanisms. First, impaired mitochondria function 

due to increased cholesterol accumulation increases the production of ROS, while 

simultaneously compromising the glutathione antioxidant system (54). Secondly, impaired 

iron and calcium regulation by lysosomes further compromises mitochondria activity and 

triggers ROS production. Third, impaired autophagy results in improper clearance of 

dysfunctional mitochondria and ROS, exacerbating oxidative stress. The aforementioned 

mechanisms underlie increased oxidative stress following lysosomal cholesterol 
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accumulation, culminating in the damage and modification of cellular structures and 

molecules, ROS-mediated inflammasome activation and exacerbation of inflammation and 

tissue damage. For an overview of the interplay between lysosomal dysfunction, oxidative 

stress and inflammation, please see Figure 3. 

 

 
Figure 3 Lysosomal cholesterol accumulation triggers oxidative stress and inflammation. Upon lysosomal cholesterol 

accumulation, lysosomal pH increases, impairing the function of lysosomal enzymes and the exchange of calcium and 

iron, and triggering the formation of cholesterol crystals. These events culminate in overall lysosomal dysfunction and 

membrane destabilization, resulting in the release of lysosomal contents into the cytosol. Furthermore, lysosomal 

cholesterol accumulation disturbs cholesterol trafficking to other organelles, including the mitochondria, leading to 

increased ROS production and oxidative stress. Lysosomal destabilization and oxidative stress, in turn, culminate in cel l 

death and release of pro-inflammatory interleukins via inflammasome activation. Upon recognition of apoptotic cells, 

immune cells, such as macrophages, switch to a pro-inflammatory profile and proceed to phagocyte the debris. 

Importantly, lysosomal cholesterol accumulation in immune cells compromises their homeostasis and ability to adopt 

an anti-inflammatory phenotype. As such, lysosomal cholesterol accumulation triggers and sustains oxidative stress and 

inflammation, contributing to overall tissue and organ dysfunction. This figure was created using BioRender.com. 

 

Mirroring NPC1-mediated lysosomal dysfunction: oxLDL as a mediator of oxidative stress 

and inflammation in acquired metabolic diseases 

Finally it is important to emphasize that lysosomal cholesterol accumulation can occur even 

in individuals with a fully functioning NPC1 protein. In individuals with 

hypercholesterolemia, due to either excessive lipid consumption and/or glucose/lipid 

metabolism dysfunction, continuous clearance of excess V- and LDL by macrophages 

 1 
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culminates in large amounts of lysosomal cholesterol (40). Cholesterol buildup, in turn, can 

culminate in lysosomal pH destabilization (44). As abovementioned, improper lysosomal pH 

can then trigger the formation of lysosomal cholesterol crystals and impair cholesterol esters 

hydrolysis, further enlarging lysosomes and compromising lysosomal function, similarly to 

what is observed in NPC1 disease.  

 

In addition, multiple acquired metabolic diseases, ranging from liver and cardiovascular 

disease, type 2 diabetes mellitus and cancer, are characterized by oxidative stress (55), which 

can further trigger/exacerbate lysosomal lipid accumulation via oxidative lipid modifications. 

Of note, LDL contents are particularly prone to oxidative modifications, which convert LDL 

to oxidized LDL (oxLDL). OxLDL is increasingly acknowledged as an important mediator in 

highly prevalent diseases characterized by lysosomal and lipid dysfunction, oxidative stress 

and inflammation, such as the abovementioned (56-59). To date, a wide range of oxLDL 

molecules have been described in vitro and in vivo, depending on the extent and molecular 

targets (cholesterol esters, apolipoproteins) of oxidative LDL modifications (58). While the 

exact mechanisms underlying increased oxLDL production in humans is not fully elucidated, 

a team of researchers has shown that lysosomal LDL oxidation can occur in lipid-overloaded 

macrophages via iron and iron-metabolism related enzymes (60). Importantly, oxidized LDL 

contents, such as cholesterol esters, do not undergo hydrolysis by lysosomal acid lipases as 

non-oxidized contents do (40), and thus become entrapped in lysosomes (61). In addition, 

prolonged lysosomal oxLDL entrapment further compromises the hydrolysis of non-oxidized 

LDL contents (40), exacerbating lysosomal cholesterol accumulation (62).  

 

In addition to triggering lysosomal cholesterol accumulation and, subsequently, lysosomal 

dysfunction, circulating oxLDL can directly trigger pro-inflammatory responses in immune 

cells. Unlike native LDL, oxLDL is unable to bind to cellular LDL receptors; instead, it 

interacts with scavenger receptors, Toll-like receptors and lectin-type oxidized LDL receptors 

(58). The binding of oxLDL to the aforementioned cellular receptors initiates pro-

inflammatory and apoptotic cascades within cells, contributing to inflammation and 

oxidative stress in parallel with lysosomal cholesterol accumulation-derived effects on cell 

homeostasis. Thus, increased oxLDL production and uptake by cells in metabolic diseases 

induces lysosomal dysfunction that mirrors NPC1-mediated damage in NPC1 disease and 

results in increased disease burden. Furthermore, elevated plasma oxLDL levels have been 

reported in NPC1 disease patients compared to healthy controls (63). In addition to 

strengthening the relationship between lysosomal cholesterol build up, oxidative stress and 

oxLDL formation, these findings also emphasize the role of oxLDL as a mediator of severe 

metabolic disease burden. For an overview of mechanisms underlying the impact of oxLDL 

on disease burden, please refer to Figure 4. 
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Figure 4 OxLDL-driven vicious cycle: lysosomal dysfunction, oxidative stress and inflammation. In individuals with 

oxidative stress, circulating LDL is converted to oxLDL, which, unlike native LDL, binds to receptors such as toll-like 

receptors (TLR) and scavenger receptors (SR). In addition, disturbances in lysosomal iron metabolism following 

lysosomal cholesterol overload can also oxidize lysosomal LDL, causing further lysosomal dysregulation and leakage 

of lysosomal contents. Consequently, the inflammasome is activated, triggering cell death and the release of pro-

inflammatory cytokines and ROS. Increasing ROS and oxLDL-rich debris further exacerbates oxidative stress and 

inflammation, and exacerbates the formation of oxLDL, thus forming a pathological vicious cycle. This figure was 

created using BioRender.com. 

 

Overall, lysosomal lipid accumulation is increasingly acknowledged as having severe 

consequences for cellular metabolism and homeostasis, with far-reaching consequences that 

can trigger and/or exacerbate the burden of diseases ranging from highly prevalent acquired 

metabolic diseases and NPC1 disease. As such, further research into lysosomal function and 

modulation strategies may yield promising results in the development of widely applicable 

therapeutic tools.  

 1 
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Aims and outline of this thesis 

A growing body of research pinpoints lysosomal lipid accumulation and NPC1 impairment 

as an important contributor to metabolic dysfunction, oxidative stress and inflammation in a 

wide array of diseases (NPC1 disease, non-alcoholic steatohepatitis (NASH), atherosclerosis 

and cancer). As such, further analyzing the impact of NPC1 and lysosomal dysfunction in 

metabolic diseases may yield better understanding of pathophysiological mechanisms and 

the development of new therapeutic tools. 

 

In chapter 2 of this thesis, we evaluated the impact of dietary plant stanol supplementation 

on systemic features of a mouse model for NPC1 disease.  Subsequently, chapter 3 aimed to 

assess the relationship between dietary cholesterol and anti-inflammatory effects of plant 

stanol supplementation in a mouse model for metabolic inflammation characterized by 

hematopoietic NPC1 dysfunction. In chapter 4, we explored the influence of hematopoietic 

NPC1 dysfunction on the gut microbiome in the context of metabolic inflammation. In 

chapter 5, we analyzed the impact of pneumococcal immunization on antibody levels against 

oxLDL and on systemic and neurological features of NPC1 disease. Furthermore, to establish 

whether a pneumococcal vaccine increases antibodies against oxLDL in humans, in chapter 

6 we conducted a pilot clinical trial in which patients with familial partial lipodystrophy, 

familial hypercholesterolemia and Niemann-Pick type B disease received a pneumococcal 

vaccine. Finally, the findings and impact of this thesis are discussed in chapter 7, in the context 

of acquired and genetic metabolic diseases.
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ABSTRACT 

Niemann–Pick type C1 (NPC1) disease is a rare genetic condition in which the function of the 

lysosomal cholesterol transporter NPC1 protein is impaired. Consequently, sphingolipids 

and cholesterol accumulate in lysosomes of all tissues, triggering a cascade of pathological 

events that culminate in severe systemic and neurological symptoms. Lysosomal cholesterol 

accumulation is also a key-factor in the development of atherosclerosis and non-alcoholic 

steatohepatitis (NASH). In these two metabolic diseases, the administration of plant stanol 

esters has been shown to ameliorate cellular cholesterol accumulation and inflammation. 

Given the overlap of pathological mechanisms among atherosclerosis, NASH and NPC1 

disease, we sought to investigate whether dietary supplementation with plant stanol esters 

improves the peripheral features of NPC1 disease. To this end, we used an NPC1 murine 

model featuring an Npc1 null allele (Npc1nih), creating a dysfunctional NPC1 protein. Npc1nih 

mice were fed a two or six percent plant stanol esters–enriched diet over the course of 5 weeks. 

During this period, hepatic and blood lipid and inflammatory profiles were assessed. Npc1nih 

mice fed the plant stanol–enriched diet exhibited lower hepatic cholesterol accumulation, 

damage and inflammation than regular chow–fed Npc1nih mice. Moreover, plant stanol 

consumption shifted circulating T-cells and monocytes in particular towards an anti-

inflammatory profile. Overall, these effects were stronger following dietary supplementation 

with 6% stanols, suggesting a dose-dependent effect. The findings of our study highlight the 

potential use of plant stanols as an affordable complementary means to ameliorate disorders 

in hepatic and blood lipid metabolism and reduce inflammation in NPC1 disease.  
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INTRODUCTION 

Niemann-Pick type C (NPC) disease is a rare lysosomal storage disorder caused by 

deleterious mutations in NPC1 or NPC2. It is estimated that NPC disease affects one in 100,000 

live births, with mutations in NPC1 occurring in approximately 95% of cases (1).  Although 

caused by different genetic mutations, NPC1 and NPC2 diseases are clinically 

indistinguishable, as both NPC1 and NPC2 proteins are required for endolysosomal 

cholesterol efflux. Upon endocytosis, low-density lipoproteins (LDL) merge with late 

endosomes/lysosomes (LEL), where lysosomal acid lipases hydrolyze LDL-derived 

cholesteryl esters. NPC2, a protein located on the luminal surface of LEL, binds the resulting 

free cholesterol and directs it to the luminal domain of NPC1, a LEL transmembrane protein. 

Studies indicate that the NPC1 protein subsequently delivers the free cholesterol to the 

plasma membrane and to the endoplasmic reticulum, possibly via membrane contact sites 

between the endoplasmic reticulum  and LELs (2, 3). Due to compromised NPC1 protein 

function, NPC1 disease (OMIM #257220) is characterized by endolysosomal cholesterol and 

sphingolipid accumulation in all cells.(4). The age of onset and clinical features of NPC1 

disease are heterogeneous, likely because of the variability of NPC1 mutations among patients 

(5, 6). Nonetheless, the nervous system of NPC1 disease patients is commonly severely 

affected, triggering the development of neuropsychiatric disorders and cognitive and motor 

function degeneration (6). In addition, systemic dysfunctions such as jaundice, cholestatic 

disease, hepatosplenomegaly, liver and pulmonary disease occur in a significant amount of 

patients. While such systemic symptoms are most severe in the perinatal and infantile stage 

of the disease,  and tend to become stable in older NPC1 disease patients, in some cases 

peripheral dysfunction can further progress and result in cirrhosis and hepatocellular 

carcinoma (6-9). Although awareness of NPC1 disease has increased in recent years, early 

diagnosis and curative treatments are still lacking. Miglustat, a sphingolipid synthesis 

inhibitor, was approved in the European Union in 2009 as the first NPC1 disease-targeted 

drug (10). While Miglustat has been shown to reduce the progression of neurological 

deterioration in NPC1 disease patients, a report indicates it has a minor impact on systemic 

symptoms such as splenomegaly (11). Furthermore, intrathecal administration of 2-

hydroxypropyl-β-cyclodextrin to reduce neurological symptom progression in NPC1 disease 

is currently being evaluated in phase 2/3 clinical trials (ClinicalTrials.gov Identifier: 

NCT02534844) (12). Despite promising results, the use of 2-hydroxypropyl-β-cyclodextrin as 

a therapeutical compound in NPC1 disease faces several challenges, including the 

administration route and side-effects (12). Finally, a different clinical study is currently 

evaluating the effects of intravenous 2-hydroxypropyl-β-cyclodextrin administration on 

hepatic NPC1 disease symptoms (ClinicalTrials.gov Identifier: NCT03887533). Overall, 

considering the limited amount and scope of NPC1 disease treatments, further research is 
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needed to develop a wider range of interventions that can modify NPC1 disease progression 

(6, 13).  

 

Lysosomal lipid accumulation is at the core of NPC1 disease pathology and triggers a series 

of events that culminate in tissue and organ dysfunction. Such events include disturbed 

lysosomal function and lipid metabolism, as well as increased oxidative stress, inflammation 

and apoptosis (14-17). The aforementioned pathological mechanisms mirror those observed, 

though to a lesser extent, in atherosclerosis and non-alcoholic steatohepatitis (NASH). 

Similarly to NPC1 disease, these metabolic disorders are characterized by lysosomal lipid 

accumulation in macrophages, which has been shown to be a key factor in disease severity 

and development (18-22).  

 

Notably, in vitro and in vivo studies have shown plant stanol ester supplementation to be 

beneficial in both NASH and atherosclerosis (23, 24).  Plant stanols are essential components 

of plant cells derived from the saturation of plant sterols, which share a similar chemical 

structure and biochemical functions as the mammalian cholesterol (25). The average human 

daily intake of plant stanols is 20-50 mg, of which up to 0.15% is estimated to effectively be 

absorbed in the small intestine (26, 27). Dietary supplementation with plant stanol esters has 

well-known plasma cholesterol-lowering effects, presumably since they interfere with 

intestinal cholesterol absorption (27-29). Specifically, dietary plant stanol supplementation 

has been shown to reduce cellular cholesterol accumulation in NASH and atherosclerosis 

models. In addition, the aforementioned studies indicate that plant stanol esters 

supplementation ameliorates hepatic inflammation, a mechanism that also contributes to 

NPC1 disease severity (23, 30, 31).  

 

Considering the parallels between the pathological mechanisms of NPC1 disease, 

atherosclerosis and NASH, the aim of this study was to investigate whether dietary 

supplementation with plant stanol esters also improves peripheral features in NPC1 disease. 

To this end, we used an NPC1 disease murine model which expresses an Npc1 allele with a 

frameshift mutation (Npc1nih) that results in the loss of function of the corresponding NPC1 

protein (13). While the Npc1nih allele was originally discovered and maintained in the BALB/c 

mouse strain, here we used Npc1nih mice with a C57BL/6 genetic background, a model which 

has been previously described and which results in a more severe NPC1 peripheral disease 

phenotype (32). To investigate our hypothesis, two weeks-old Npc1nih mice received a normal 

chow or a two or six percent plant stanol esters-enriched chow diet for five weeks. Npc1wt mice 

fed a regular chow were included as a control group for NPC1 disease phenotype. Npc1nih 

mice fed a plant stanol-enriched diet showed decreased hepatic cholesterol accumulation, as 

well as reduced hepatic damage and inflammation. In addition to the localized effects in the 
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liver, plant stanol administration led to a systemic immune shift towards an anti-

inflammatory profile, as assessed by FACS analysis of white blood cells. Of note, the effect of 

plant stanol esters on peripheral NPC1 disease symptoms was overall more pronounced after 

supplementation of six percent plant stanol-enriched diet compared with two percent 

enriched diet, proving the beneficial effect of plant stanols to be dose-dependent.  

 

Overall, these findings highlight the potential of plant stanol esters as a widely available and 

affordable additional tool to ameliorate hepatic symptoms and the phenotype of blood 

monocytes and T-cells in NPC1 disease patients, in combination with other therapies, such as 

Miglustat and 2-hydroxypropyl-β-cyclodextrin. 
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MATERIALS AND METHODS 

Mice 

Male and female Npc1nih mice were derived from heterozygous founders (C57BL/6 / Npc1nih). 

Given the reduced lifespan of Npc1nih mice, as soon as the genotypes of the mice were known, 

the experimental diets were administered to the mothers, who would transfer the 

experimental diet to the pups via breastmilk (week 0 of the experiment). After the weaning 

period, at 14 days of age, mice began being fed the appropriate diet as solid chow. 13 and 16 

Npc1nih mice received a two percent and six percent plant stanol esters-enriched diet, 

respectively (manufactured by Arie Blok B.V., Woerden, The Netherlands). Npc1wt and Npc1nih 

mice fed a regular chow diet (n=10 and 13, respectively) were included as controls. Mice were 

housed under standard conditions and given free access to food and water. For an overview 

of the study setup and dietary plant stanol and sterol composition, please refer to Fig. S1 and 

S2, respectively. Blood from the tail vein was collected on weeks 3 and 5 of the experiment, 

when mice were 35 and 49 days old, respectively. All tissues were isolated and snap-frozen 

in liquid nitrogen and stored at -80°C or fixed in 4% formaldehyde/PBS. The collection of 

blood and tissue specimens, biochemical determination of lipids in plasma and liver, RNA 

isolation, cDNA synthesis and qPCR were performed as described previously (33-35). All 

experiments were performed according to Dutch laws and approved by the Animal 

Experiment Committee of Maastricht University.  

 

GC-MS 

Plant sterols (sitosterol, campesterol) and plant stanols (sitostanol, campestanol) content in 

food was analyzed by gas–liquid chromatography–mass spectroscopy (GC–MS) as described 

previously (36). 

 

Genotyping 

Genotypes of animals were determined by PCR analysis of tail DNA. Toes were clipped at 

postnatal day 2 and homogenized in DirectPCR-Tail (Peqlab, Erlangen, Germany) 

supplemented with a tenth part Proteinase K (Qiagen, Hilden, Germany). Three hours of 

incubation at 56 ºC and agitation at 1000 rounds per minute on a Thermo Mixer were followed 

by 45 min of heating at 85ºC to inactivate the proteinase. Samples were then spun at full speed 

in a benchtop centrifuge for 1 min. The PCR reactions were performed with 0.5 ml of the 

obtained extracts. Each lysate underwent two PCRs. Primers gccaagtaggcgacgact and 

catctactgggtctccatatgtat identified the wild-type allele and primers gccaagtaggcgacgact and 

ttccaattgtgatctttccaa identified the mutant allele. Both PCRs were carried out under the same 

cycling conditions. 
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Alanine aminotransferase (ALT) measurements 

Plasma ALT levels were measured with the Reflotron® test strips (Roche, Germany) according 

to manufacturer’s instructions, using the Reflotron® apparatus. 

 

Immunohistochemistry  

Frozen liver sections (7 µm) were fixed in acetone and blocked for endogenous peroxidase by 

incubation with 0.25% of 0.03% H2O2 for 5 minutes. Primary antibodies used were against 

hepatic macrophages (rat anti-mouse CD68, clone FA11) and infiltrated macrophages and 

neutrophils (rat anti-mouse Mac-1 [M1/70]). 3-Amino-9-ethylcarbazole (AEC) was applied as 

color substrate and hematoxylin for nuclear counterstain. Sections were enclosed with 

Faramount aqueous mounting medium. Pictures were taken with a Nikon digital camera 

DMX1200 and ACT-1 v2.63 software (Nikon Instruments Europe, Amstelveen, The 

Netherlands). Infiltrated macrophages and neutrophil cells (Mac-1) were counted by two 

blinded researchers in six microscopical views (original magnification, 200x) and were 

indicated as number of cells per square millimeter (cells/mm2). Immunostainings for hepatic 

macrophages (CD68) were evaluated by an experienced pathologist and given a score in 

arbitrary units (A.U.). 

 

Plasma FACS analyses 

Tail vein blood was collected from Npc1wt and Npc1nih mice on weeks 3 and 5 of the 

experiment, when mice were 35 and 49 days old, respectively. Stainings were performed 

using Trucount tubes (BD Biosciences, Breda, The Netherlands), according to the 

manufacturer’s instructions, to detect the following populations: monocytes (NK1.1-Ly6G-

CD11b+; Ly6C) and T-cells (CD3+; CD4+; CD8+). Briefly, heparinized blood samples were 

mixed and incubated for 10 minutes in the dark at room temperature (RT) with CD16/32 

antibody (eBioscience, Halle-Zoersel, Belgium) to block Fc receptor. Samples were then gently 

vortexed with the appropriate antibodies and incubated in the dark at RT for 20 minutes. All 

antibodies were diluted in FACS buffer (PBS, 0.1% BSA, 0.01% sodium azide). In this study, 

the following antibodies were used: PE Mouse Anti-Mouse NK-1.1 (1:100); APC-Cy™7 Rat 

Anti-Mouse Ly-6G (1:100); PE-Cy™7 Rat Anti-CD11b (1:300); APC-H7 Rat anti-Mouse CD4 

(1:100)  (BD, San Jose, USA); CD3 Monoclonal Antibody (1:100), CD8a Monoclonal Antibody 

(1:50) (eBioscience™ from Thermo Fisher Scientific, San Diego, USA); Anti-Mouse Ly-6C-

APC (1:10) (Miltenyi, Bergisch Gladbach, Germany). Finally, samples were mixed and 

incubated in the dark at RT for 15 minutes with an erylysis solution (8.4g NH4CL + 0.84g 

NAHCO3 in 1 liter H2O, pH 7.2-7.4). Sample stainings were quantified within 1 hour using 

BD FACSCanto II flow cytometer (BD Biosciences).  

 

Statistical analysis 
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Data are expressed as the group mean and standard error of the mean. Three sets of data 

comparisons were performed via two tailed unpaired t-test: Npc1wt vs Npc1nih mice fed a 

regular chow diet (# p ≤ 0.05; ## p < 0.01; ### p < 0.001; #### p < 0.0001); Npc1nih mice receiving 

regular chow vs Npc1nih mice fed a two percent or six percent stanol-enriched chow diet (* p ≤ 

0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). Data were statistically analyzed using GraphPad 

Prism software (version 6, GraphPad Software Inc, San Diego, CA, U.S; www.graphpad.com).  
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RESULTS 

Plant stanol supplementation delays body weight loss in Npc1nih mice and reduces relative 

liver weight 

As reduced weight gain reflects NPC1 disease progression in Npc1nih mice, we monitored the 

body weight of Npc1nih mice and assessed whether plant stanol supplementation influenced 

this parameter. From day 12 of the study, which coincided with the weaning period, 

untreated Npc1nih mice were consistently smaller than Npc1wt mice (Fig. 1A). Npc1nih mice on a 

two percent plant stanol-enriched diet showed a modest increase in body weight compared 

to untreated Npc1nih mice until day 22 of the study, although this did not reach statistical 

significance. On the other hand, six percent plant stanol supplementation effectively rescued 

Npc1nih mice’s weight between days 12 and 29 of the study. Furthermore, in the last week of 

the study, a trend towards increased body weight was observed in Npc1nih mice on a six 

percent plant stanol-enriched diet compared to their untreated counterparts.  

 

 
Figure 1: Effect of dietary stanol supplementation on weight parameters. (A) Body weight of Npc1wt and Npc1nih mice 

throughout the study period. (B, C) Relative liver weight. Statistical analysis was performed by use of two-tailed 

unpaired t test. n=10-16 mice per group. Npc1wt vs Npc1nih mice fed a regular chow diet (# p ≤ 0.05; ## p < 0.01; ### p < 

0.001; #### p < 0.0001); Npc1nih mice receiving regular chow vs Npc1nih fed two percent or six percent stanol-enriched chow 

diet (* p ≤ 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). All error bars represent standard error of the mean. 
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Additionally, liver weights were analyzed, as hepatomegaly is a prominent systemic feature 

of NPC1 disease. Although absolute liver weight was comparable between Npc1nih mice and 

Npc1wt mice, liver weights relative to body weight of untreated Npc1nih mice were higher 

compared to Npc1wt mice (Fig. 1B-C). Relevantly, relative liver weight of Npc1nih mice fed a 

two percent and six percent plant stanol-enriched diet was reduced. In addition, absolute liver 

weights were reduced in Npc1nih mice on a two percent plant stanol-supplemented diet. 

Overall, these results indicate that dietary supplementation with plant stanol esters 

ameliorates body weight gain and hepatomegaly in Npc1nih mice. 

 

Decreased plasma and hepatic total cholesterol levels in Npc1nih mice fed a plant stanol-

enriched diet 

To assess the effect of dietary plant stanol supplementation on lipid metabolism of Npc1nih 

mice, biochemical analyses of plasma and liver lipids were performed. In line with plant 

stanols’ well-known plasma cholesterol lowering effect, Npc1nih mice fed a plant stanol-

supplemented diet displayed lower levels of plasma total cholesterol (Fig. 2A), but not of 

plasma total triglycerides (Fig. 2B) compared to untreated Npc1nih mice. Of note, these effects 

were more pronounced following a six percent stanol enriched diet. Next, we analyzed 

hepatic lipid accumulation, a prominent systemic feature of NPC1 disease. As expected, 

untreated Npc1nih mice displayed higher levels of hepatic cholesterol compared to Npc1wt mice 

(Fig. 2C). Npc1nih mice that received plant stanol supplementation, particularly at six percent, 

showed prominently lower levels of hepatic total cholesterol than untreated Npc1nih mice, 

indicating that plant stanol supplementation reduced hepatic cholesterol levels in a dose-

dependent manner (Fig. 2C). In contrast, plant stanol supplementation showed no effects on 

hepatic triglyceride accumulation of Npc1nih mice, who displayed lower levels of liver 

triglycerides than Npc1wt mice (Fig. 2D). 

 

To better understand changes in hepatic cholesterol accumulation following plant stanol 

supplementation, hepatic gene expression analysis was performed on cluster of 

differentiation 36 (Cd36) and scavenger receptor A (Sr-a), which mediate the uptake of 

modified lipoproteins in macrophages, such as those increased in NPC1 disease patients (37, 

38); on Niemann-Pick type C2 (Npc2), a protein that transfers free cholesterol within LELs to 

NPC1; on ATP-binding cassette sub-family G1 and G8 (Abcg1 and Abcg8), which mediate 

excess sterol efflux from leukocytes and hepatocytes, respectively (39); and on cytochrome 

P450 family 8 subfamily B member 1 (Cyp8b1), which promotes excess cholesterol excretion 

by mediating the synthesis of bile acids (Figs. 2E-J, respectively). Following two percent plant 

stanol administration, expression of Sr-a and Npc2 decreased in the livers of Npc1nih mice, 

suggesting a reduction in the uptake of pro-inflammatory modified lipoproteins by 
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macrophages and lower build-up of free cholesterol in LELs of Npc1nih mice. Furthermore, 

Npc1nih mice on a two percent plant stanol-enriched diet displayed higher expression of 

Cyp8b1, suggesting increased conversion of excess hepatic cholesterol into bile acids. 

Likewise, Npc1nih mice on a six percent plant stanol-enriched diet displayed lower hepatic 

expression of Sr-a and Npc2 and increased expression of Cyp8b1 than their untreated 

counterparts.  In addition to improving expression of the aforementioned genes, six percent 

plant stanol supplementation reduced hepatic expression of Cd36 and increased expression 

of Abcg8, suggesting reduced uptake of modified lipoproteins and increased excretion of 

excess cholesterol in hepatocytes of Npc1nih mice. Finally, Npc1nih mice displayed lower hepatic 

expression of Abcg1, suggesting reduced efflux of cholesterol and oxysterols in macrophages. 

Overall, these findings indicate that, besides lowering plasma cholesterol levels, plant stanols 

reduce cholesterol accumulation in the liver of Npc1nih mice in a dose-dependent manner. 
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Figure 2: Lipid metabolism parameters. (A, B) Total plasma cholesterol and triglyceride levels of Npc1wt and Npc1nih 

mice on a regular and stanol-supplemented chow diet. (C, D) Liver cholesterol and triglyceride levels. (E-J) Hepatic lipid 

metabolism-related gene expression of Cd36, Sr-a, Npc2, Abcg1, Abcg8, Cyp8b1. Statistical analysis was performed by use 

of two-tailed unpaired t test.  n=9-15 mice per group for liver gene expression analyses. Npc1wt vs Npc1nih mice mice fed 

a regular chow diet (# p ≤ 0.05; ## p < 0.01; ### p < 0.001; #### p < 0.0001); Npc1nih mice receiving regular chow vs Npc1nih 

mice fed two percent or six percent stanol-enriched chow diet (* p ≤ 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). All error 

bars represent standard error of the mean. 
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Dietary plant stanol supplementation improves hepatic damage and inflammation in 

Npc1nih mice 

Following the observed improvements in hepatic cholesterol metabolism, we next 

investigated the effects of plant stanol supplementation on hepatic damage and 

inflammation. Plasma alanine transaminase (ALT) levels of untreated Npc1nih mice showed a 

near four-fold increase in relation to Npc1wt mice, indicating increased liver damage in Npc1nih 

mice (Fig. 3A). Remarkably, after dietary plant stanol supplementation, plasma ALT levels of 

Npc1nih mice were comparable to Npc1wt mice, indicating a strong decrease in overall liver 

damage. We further looked into hepatic inflammatory status via immunohistochemistry by 

targeting measuring CD68 and Mac-1 proteins, which identify resident hepatic macrophages 

and infiltrated neutrophils and macrophages, respectively (Figs. 3B-E). Untreated Npc1nih mice 

displayed higher levels of immune cells in both immunostainings, indicating prominent 

hepatic inflammation in Npc1nih mice. The number of hepatic immune cells, particularly in the 

case of infiltrated neutrophils and macrophages, was reduced following plant stanol 

supplementation. To further assess the effects of plant stanol supplementation on liver 

inflammation, hepatic gene expression analyses were performed on tumor necrosis factor 

alpha (Tnf-α), cluster of differentiation 68 (Cd68), cathepsin D (Ctsd), macrophage 

inflammatory protein 2 (Mip2), chemokine (C-C motif) ligand 3 (Ccl3) and arginase 1 (Arg1) 

(Figs. 3F-K). Hepatic gene expression of inflammatory markers was consistently increased in 

untreated Npc1nih mice compared to Npc1wt mice, and decreased in the case of Arg1, a marker 

for alternatively activated macrophages. Both two and six percent plant stanol 

supplementation reversed these observations, supporting the aforementioned findings that 

Npc1nih mice fed a plant stanol esters-supplemented diet display lower hepatic inflammation 

and damage. 
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Figure 3: Effect of dietary stanol supplementation on hepatic inflammation. (A) Plasma ALT levels. (B-E) 

Representative pictures of liver sections stained for hepatic macrophages (CD68) and infiltrated macrophages and 

neutrophils (Mac-1). CD68 immunostainings were scored (B,C), whereas Mac-1 positive cells were counted (D,E). (F-K) 

Hepatic gene expression of inflammatory markers Tnf-α, Cd68, Ctds, Mip2, Ccl3 and Arg1. Statistical analysis was 

performed by use of two-tailed unpaired t test.  n=9-15 mice per group for liver gene expression analyses. Npc1wt vs 

Npc1nih mice fed a regular chow diet (# p ≤ 0.05; ## p < 0.01; ### p < 0.001; #### p < 0.0001); Npc1nih mice receiving regular 

chow vs Npc1nih mice fed two percent or six percent stanol-enriched chow diet (* p ≤ 0.05; ** p < 0.01; *** p < 0.001; **** p < 

0.0001). All error bars represent standard error of the mean. 

 

Plant stanol supplementation shifts plasma profile of immune cells towards an anti-

inflammatory phenotype 

To better understand the effects of plant stanol supplementation on systemic inflammation, 

we investigated monocyte and T-cell populations by FACS analysis in the blood of 35 and 49 

days old Npc1nih mice. To analyse the profile of circulating monocytes, we targeted Ly6C, a 

protein highly expressed in pro-inflammatory monocytes (30, 40, 41). Untreated Npc1nih mice 

displayed higher relative levels of Ly6Chigh monocytes and lower relative levels of Ly6Clow 

monocytes in the blood than Npc1wt mice on both time points (Fig. 4A-B), suggesting higher 

amounts of pro-inflammatory monocytes and lower levels of anti-inflammatory monocytes, 

respectively. While Npc1nih mice on a two percent plant stanol diet displayed lower levels of 
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Ly6Chigh monocytes at 49 days old alone, six percent plant stanol supplementation reduced 

the relative amount of circulating Ly6Chigh monocytes on both timepoints, suggesting a 

reduction in circulating pro-inflammatory monocytes. Furthermore, for two and six percent 

plant stanol supplementation, a trend towards an increase in blood Ly6Clow monocytes was 

observed in 49 days old Npc1nih mice. In addition, six percent plant stanol supplementation 

effectively triggered an increase in circulating Ly6Clow monocytes in 35 days old Npc1nih mice. 

Concerning blood T-cell populations, untreated Npc1nih mice displayed higher levels of CD8+ 

T-cells compared to Npc1wt mice at 35 days of age, but not  at 49 days old, whereas levels of 

CD4+ T-cells were lower in untreated Npc1nih mice at both time points (Fig. 4C-D). Although 

plant stanol supplementation had no effect on CD8+ T-cells on 35 days old Npc1nih mice, Npc1nih 

mice following six percent plant stanol supplementation displayed lower levels of CD8+ T-

cells at 49 days of age. Finally, although plant stanol supplementation did not significantly 

increase circulating helper T-cells in Npc1nih mice, a trend was observed suggesting this effect 

for six percent plant stanol supplementation in 35 days old Npc1nih mice. Overall, these results 

indicate that dietary plant stanol supplementation shifted the ratio of pro- and anti-

inflammatory circulating monocytes and T-cells towards a more anti-inflammatory 

phenotype. 
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Figure 4: Effect of dietary stanol supplementation on plasma monocytes and T-cells phenotype. (A-H) Relative levels 

of plasma pro-inflammatory (LyC6high) and anti-inflammatory (LyC6low) monocytes, as well as cytotoxic (CD8+) and 
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helper T-cells (CD4+) were measured by FACS analysis on week 3 and 5 of the study, when mice were 35 and 49 days 

old. Statistical analysis was performed by use of two-tailed unpaired t test. n=5 mice per group. Npc1wt vs Npc1nih mice 

fed a regular chow diet (# p ≤ 0.05; ## p < 0.01; ### p < 0.001; #### p < 0.0001); Npc1nih mice receiving regular chow vs Npc1nih 

mice fed two percent or six percent stanol-enriched chow diet (* p ≤ 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). All error 

bars represent standard error of the mean. 

 

Altogether, these findings indicate that dietary plant stanol esters supplementation improves 

hepatic lipid metabolism and reduces damage and inflammation in NPC1 disease. In 

addition, plant stanol supplementation shifts the phenotype of blood immune cells towards 

a more anti-inflammatory profile in NPC1 disease, particularly at higher concentrations 
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DISCUSSION 

In NPC1 disease, whole-body lysosomal lipid accumulation triggers a cascade of pathological 

events that culminates in a wide range of peripheral and neurological symptoms. In addition, 

early diagnosis and effective therapeutic tools are currently lacking for NPC1 disease, making 

it a severe and lethal condition that warrants further research in order to improve quality of 

life and lifespan of patients. In this study, we show that dietary plant stanol esters 

supplementation improves progressive weight loss, as well as hepatic cholesterol 

accumulation and damage in a murine model for NPC1 disease. In addition, the current study 

shows that dietary plant stanol supplementation shifts the profile of blood immune cells 

towards a more anti-inflammatory phenotype. Based on these findings, we propose that 

dietary plant stanol supplementation should be further investigated as a complementary tool 

to ameliorate hepatic symptoms and the phenotype of blood immune cells in NPC1 disease 

patients. 

 

While the mechanisms underlying the beneficial effects of stanols are yet to be fully 

elucidated, cumulative evidence indicates that these molecules interfere with cholesterol 

micellar solubilization in the intestines and may further inhibit cholesterol absorption and 

stimulate cholesterol excretion by activation of liver X receptor (LXR) transcription factor (42). 

As such, clinical benefits of increased plant stanol ester consumption are largely attributed to 

reduced dietary cholesterol absorption and consequent lowering of plasma cholesterol levels. 

In this study, increased plant stanol ester consumption induced a reduction in plasma and 

liver cholesterol levels in Npc1nih mice, in line with results from a previous NASH study (43). 

In addition to the effects of plant stanols on cholesterol absorption, a growing body of findings 

indicates that these molecules have anti-inflammatory and immunomodulatory properties 

(44). In a previous ex vivo study, sitostanol administration to mouse bone marrow-derived 

macrophages was shown to induce an anti-inflammatory effect independent of LXR 

activation. It should be noted that, since diets were not supplemented with cholesterol, mice 

in this study consumed low amounts of cholesterol. As such, although we cannot exclude a 

beneficial effect from reduced intestinal cholesterol absorption in Npc1nih mice following 

increased plant stanol consumption, it is likely that plant stanols’ anti-inflammatory 

properties also contributed to the observed improvement in hepatic inflammation and 

damage. Furthermore, in a previous study, pharmacological LXR activation increased brain 

cholesterol excretion and ameliorated disease burden in Npc1-/- mice (45). As previously 

mentioned, plant stanol molecules are known LXR activators. As such, it is likely that 

increased plant stanol molecules improved hepatic pathology in Npc1nih mice via a variety of 

mechanisms, namely reduced intestinal cholesterol absorption, anti-inflammatory effects and 

LXR activation. In addition to a local effect on hepatic inflammation, dietary plant stanol ester 
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supplementation shifted the profile of plasma monocytes and T-cells in Npc1nih mice towards 

a more anti-inflammatory phenotype, particularly in the former population. Previously, Brüll 

et al.  have demonstrated that sitostanol administration elicits a TLR2-dependent T-helper 1 

shift in human peripheral blood mononuclear cells cultures, even at very low concentrations. 

Further studies on asthma patients-derived peripheral blood mononuclear cells cultures 

confirmed the findings that sitostanol administration induces a T-helper 1 cell response and, 

in addition, lead to an increase in numbers and activity of regulatory T cells (46). It is thus 

possible that the shift in phenotype of circulating immune cells of Npc1nih mice following plant 

stanol ester supplementation is derived from the direct effect of plant stanols on circulating 

immune cell populations. Of note, previous studies found that phytosterol supplementation 

ameliorates inflammation and oxidative stress in Crohn’s disease, a disorder which occurs in 

several NPC1 disease patients (47, 48). Considering the anti-inflammatory effects attributed 

to plant stanols, it is possible that a plant stanol-enriched diet could also ameliorate the 

intestinal problems of NPC1 disease patients. If so, this would further enhance the application 

of plant stanol supplementation as an additional therapeutical tool in NPC1 disease. Of note, 

unlike stanols, phytosterol molecules are prone to oxidation (49, 50), and may therefore have 

pro-inflammatory effects if consumed in high amounts. Given the importance of 

inflammation in NPC1 disease burden (30, 51, 52), phytosterol supplementation should thus 

be regarded with caution. 

 

Currently, Miglustat is the only approved drug for the treatment of NPC1 disease symptoms. 

While clinical observations indicate that Miglustat delays progression of neurological 

deterioration, the effects of Miglustat on systemic features of NPC1 disease remain largely 

unexplored, as it is specifically prescribed for amelioration of neurological symptoms (10, 11). 

On the other hand, 2-hydroxypropyl-β-cyclodextrin, which previously has been shown to 

improve systemic symptoms of NPC1 disease in murine models, is currently being evaluated 

in clinical trials regarding its efficacy on neurological and systemic symptoms (12, 53). While 

neuroinflammation and degeneration are the largest contributors to reduced quality of life 

and lifespan of NPC1 disease patients, hepatic, splenic, intestinal and lung dysfunction are 

also observed in a significant amount of NPC1 disease patients, particularly in early onset 

NPC1 disease cases (6, 7, 47, 48). As such, further strategies to reduce systemic manifestations 

of NPC1 disease and to complement neurological-targeted treatments are required. In the 

past, cholesterol-lowering therapeutic strategies such as dietary cholesterol restriction and 

statin administration have been explored in murine NPC1 disease models and patients and 

found to ameliorate hepatic symptoms  (54-56). Of note, combined use of dietary plant stanol 

supplementation and statins amplifies the cholesterol-lowering properties of each 

intervention in hypercholesterolemic patients (57, 58). As such, it is possible that the 

administration of statins and plant stanol esters simultaneously has additional benefits to 
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systemic manifestations of NPC1 disease and to improving life quality of NPC1 disease 

patients. On the other hand, combining several methods to reduce peripheral cholesterol has 

been controversial in the clinical setting, demanding the need for additional clinical trials to 

assess the clinical use of combinational approaches to reduce plasma cholesterol (59). 

 

Overall, considering the promising results here described, we propose that dietary plant 

stanol esters supplementation should be further investigated as a complementary 

therapeutical tool to ameliorate hepatic symptoms and the phenotype of blood immune cells 

in NPC1 disease. Plant stanol esters are widely available in functional foods, such as 

margarine spreads, and have been studied in human populations where it showed very minor 

side-effects, even when consumed in higher concentrations (24, 60, 61). Nonetheless, it should 

be further investigated whether increased stanol consumption bears so far unknown side-

effects in NPC1 disease, as well as plant stanols effects on the nervous system.   
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ABSTRACT 

The prevalence of metabolic disorders characterized by chronic inflammation has been on a 

sharp rise for decades. As such, tools that address metabolic and inflammatory dysregulation 

are of great importance. Plant stanols are well-known for reducing intestinal cholesterol 

absorption and may also have direct anti-inflammatory effects. In this study, our aim was to 

investigate to what extent the benefits of dietary plant stanol supplementation depend on 

dietary cholesterol intake in an experimental mouse model for cholesterol-induced metabolic 

inflammation. Here, we used Ldlr−/− mice transplanted with Npc1nih-derived bone marrow, 

featuring feature bone marrow-derived immune cells characterized by chronic inflammation 

induced by lysosomal lipid accumulation. Npc1nih- and Npc1wt-transplanted mice were placed 

on either a high fat, high cholesterol (HFC) or on a chow diet low in cholesterol, with or 

without 2% plant stanols supplementation. At the end of the study, the metabolic and 

inflammatory status of the mice was analyzed. Plant stanol supplementation to the HFC diet 

reduced liver cholesterol levels and improved lipid metabolism and liver inflammation, 

particularly in Npc1nih-tp mice. In contrast, plant stanol supplementation to the chow diet did 

not significantly improve the aforementioned parameters, though similar reductive trends to 

those in the HFC diet setting were observed regarding liver cholesterol accumulation and 

liver inflammatory markers. The effects of dietary plant stanol supplementation on dietary 

cholesterol-induced inflammation are largely dependent on dietary cholesterol intake. Future 

research should verify whether other models of metabolic inflammation exhibit similar 

stanol-related effects on inflammation. 
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INTRODUCTION 

Despite efforts to raise awareness on the importance of a healthy lifestyle, the prevalence of 

obesity accompanied by metabolic syndrome has been on a sharp rise for decades (1). 

Individuals who meet at least three of the following criteria are diagnosed with metabolic 

syndrome: increased hip-to-waist ratio, hypertriglyceridemia, hyperglycemia, low high-

density lipoprotein plasma levels, and hypertension. Individuals who suffer from metabolic 

syndrome are at high risk of developing severe non-communicable diseases such as type II 

diabetes mellitus, atherosclerosis, liver and cardiovascular diseases, cancer, and even 

dementia and depression. Not only are the aforementioned diseases associated with reduced 

quality of life, they also account for nearly 70% of all premature deaths worldwide (2). 

Overall, it is clear that a concerted effort is required to increase the awareness of the strengths 

of lifestyle-related prevention strategies as well as to develop efficient strategies to target 

metabolic syndrome and its associated disease burden. 

 

Plant stanols are plant-derived molecules that result from the saturation of plant sterols, 

which are analogous to cholesterol in structure. Consumption of two to three grams per day 

of plant stanols is well-known to interfere with intestinal cholesterol absorption, thereby 

lowering plasma cholesterol levels and as such reducing inflammatory cascades (3). In 

addition, studies suggest that plant stanols also have immunomodulatory and anti-

inflammatory effects (4, 5), and it has been suggested that these effects might occur 

independently from their ability to reduce cholesterol absorption (4). However, this 

assumption of independency has yet to be validated in in vivo models for metabolic diseases. 

Previously, our group showed that dietary plant stanol supplementation reduces hepatic 

cholesterol levels, ameliorates liver inflammation, and shifts blood immune cells towards a 

less pro-inflammatory profile in a murine model of Niemann–Pick type C1 (NPC1) disease 

(5). NPC1 disease is caused by deleterious mutations in the NPC1 gene that lead to the 

production of a defective NPC1 protein, a lysosomal cholesterol efflux transporter (6). 

Following impaired NPC1 protein function, lysosomal cholesterol and sphingolipid 

accumulation occurs in all tissues, culminating in increased oxidative stress and severe 

inflammation. Importantly, in the aforementioned study (5), mice were fed a diet with much 

lower cholesterol content than in an experimental high fat, high cholesterol (HFC) diet (0.37µg 

vs 1.62µg cholesterol/mg chow on average). As such, this study puts forward the hypothesis 

that plant stanols have anti-inflammatory effects independent of reduced cholesterol 

intestinal absorption, although such effects have not been evaluated yet side-by-side on a 

background of either cholesterol-rich or cholesterol-poor diets. 
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Therefore, in the current study, our aim was to investigate to what extent the effects of dietary 

plant stanol supplementation on hepatic and systemic cholesterol metabolism and 

inflammation depend on dietary cholesterol intake. To this end, we analyzed the effects of 

two-percent dietary plant stanol supplementation on either an HFC or a chow diet in a model 

for cholesterol-induced inflammation. Here, we used low-density lipoprotein receptor 

knockout (Ldlr−/−) mice, which, when fed an HFC diet, display hypercholesterolemia and 

increased hepatic cholesterol accumulation and inflammation, thus mimicking the human 

situation of metabolic diseases such as atherosclerosis and non-alcoholic steatohepatitis (7, 8). 

In order to induce hepatic lipid accumulation and inflammation in the absence of a HFC diet, 

we transplanted Ldlr−/− mice with Npc1nih bone marrow (Npc1nih-tp mice) (9). These Npc1nih-tp 

mice display increased levels of hepatic inflammation compared to their Npc1wt-tp 

counterparts, even in the absence of a HFC diet, thus serving as a model to investigate the 

influence of diet on the anti-inflammatory properties of plant stanols. 
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MATERIALS AND METHODS 

Mice, Bone Marrow Transplant, and Diet 

Throughout the study, mice were housed under standard conditions and had unlimited 

access to food and water, unless explicitly mentioned otherwise. For one week prior to and 

up to four weeks after irradiation, Ldlr−/− mice were housed in filter-top cages and received 

antibiotics diluted in drinking water to prevent infections following immunosuppression 

(Neomycin, 100 mg/L, Gibco, Breda, the Netherlands; 6×104 U/L polymycin B sulphate). Six-

week-old bone marrow from Npc1nih and Npc1wt mice donors were derived from heterozygous 

founders of a C57BL/6 genetic background. The genotype of Npc1nih and Npc1wt mice was 

determined as previously described (10). On the day of bone marrow transplant, Npc1nih and 

Npc1wt littermates were sacrificed via CO2 inhalation and their bone marrows were isolated. 

On the day before and on the day of bone marrow transplant, Ldlr−/−mice were subjected to 

six Gray of γ-radiation, thus having received 12 Gray of γ-radiation before receiving 1×107 

bone marrow cells collected from Npc1wt or Npc1nih mice via intravenous injection. 

 

After nine weeks of recovery, transplanted mice were placed on a chow or HFC diet for twelve 

weeks, after which they were assigned to two different experimental groups and received the 

corresponding plant stanol experimental diets (Table S1) for three weeks, for a total of eight 

experimental groups (n = 6–8 mice per group): (1) Npc1wt-tp and Npc1nih-tp mice on a regular 

chow diet; (2) Npc1wt-tp and Npc1nih-tp mice on a two percent plant stanol-enriched chow diet; 

(3) Npc1wt-tp and Npc1nih-tp mice on a HFC diet; (4) Npc1wt-tp and Npc1nih-tp mice on a two 

percent plant stanol-enriched HFC diet. For a schematic overview of the study setup and 

timeline, please refer to Figure 1. All experiments were performed according to Dutch laws 

and approved by the Animal Experiment Committee of Maastricht University (study DEC 

2013-002, approved on 19/03/2013). 

 
Figure 1. Overview of study setup and timeline. Ldlr−/− mice received a bone marrow transplant from Npc1nih or Npc1wt 

mice. After recovery, Npc1wt-tp and Npc1nih-tp mice received a cholesterol-poor chow or HFC diet for 12 weeks. On the 

final three weeks of the study period, their diet was supplemented with 2% plant stanols. 
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Bone Marrow Transplant Efficiency 

In order to assess bone marrow transplant efficiency, we determined chimerism in Ldlr−/− mice 

transplanted with bone marrow from Ldlrwt mice. Genomic DNA was isolated using the PureLink 

Genomic DNA, according to the manufacturer’s instructions (K182002; ThermoFisher Scientific, 

Waltham, Massachusetts, U.S.A.). A standard curve was built by producing solutions with different ratios 

of Ldlr−/−and Ldlrwt bone marrow DNA. To assess chimerism of mice in this study, we analyzed the amount 

of Ldlr−/− DNA in 70 µL peripheral blood samples. To standardize the total amount of DNA among 

different samples, the p50 gene expression was quantified. Samples were assayed in duplicate on a 

7900HT real-time PCR system by using 25 ng DNA and a SensiMixTM Sybr & Fluorescein kit (QT615-05, 

Bioline, Memphis, Tennessee, U.S.A.), according to the manufacturer’s instructions. Ldlr−/−-specific 

primers are forward 5’- GCTGCAACTCATCCATATGCA-3’ and reverse 5’- 

GGAGTTGTTGACCTCGACTCTAGAG-3’. Forward and reverse p50-specific primers are 5’- 

ACCTGGGAATACTTCATGTGACTAA-3’ and 5’-ACACCAGAAGTCCAGGATTATCAG3’, 

respectively. A standard curve was generated by plotting the mean threshold cycle (Ct) ΔCt (Ct p50 – Ct 

Ldlr-/-) against the logarithm of the percentage Ldlr−/−and calculation of a regression line. Bone marrow 

transplant efficiency was determined as the percentage of Ldlr−/− DNA in the mice blood samples 

(representing the remaining recipient bone marrow), calculated by applying the mean ΔCt of the sample 

to the previously generated standard curve. On average, bone marrow transplantation was nearly 94% 

efficient (Table S2), indicating that the procedure was successful. 

 

Lipid and Gene Expression Analyses 

Upon sacrifice, all tissues were isolated and snap-frozen in liquid nitrogen and stored at −80°C or fixed 

in 4% formaldehyde/PBS. The collection of blood and tissue specimens, biochemical determination of 

lipids in plasma, RNA isolation, cDNA synthesis, and qPCR were determined as described previously 

(11-13). Hepatic sterol content was determined by gas-liquid chromatography–mass spectroscopy, as 

described elsewhere (14). 

 

Immunohistochemistry 

Frozen liver sections (7 µm) were fixed in acetone and blocked for endogenous peroxidase by incubation 

with 0.25% of 0.03% H2O2 for 5 min. Primary antibodies used were against hepatic macrophages (1:100 

rat anti-mouse CD68, clone FA11), infiltrated macrophages and neutrophils (1:500 rat anti-mouse Mac-1 

(M1/70)]), and infiltrated T-cells (1:20, rat anti-mouse CD3). 3-Amino-9-ethylcarbazole was applied as 

color substrate and hematoxylin for nuclear counterstain. Sections were enclosed with Faramount 

aqueous mounting medium. 

Pictures were taken with a Nikon digital camera DMX1200 and ACT-1 v2.63 software (Nikon Instruments 

Europe, Amstelveen, The Netherlands). Infiltrated macrophages and neutrophil cells (Mac-1+) and 

infiltrated T-cells (CD3+) were counted by two blinded researchers in six microscopical views (original 

magnification, 200×) and were indicated as number of cells per square millimeter (cells/mm2). Hepatic 

macrophages (CD68) were counted in six microscopical views (original magnification, 200x) and 

indicated as the percentage of CD68 positive area (Adobe Photoshop CS2 v.9.0., San Jose, California, 

U.S.A.). 
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Plasma FACS Analyses 

Tail vein blood was collected from mice 12 and 15 days after the beginning of the plant stanol-enriched 

diet. FACS procedures were performed as previously described (5). 

 

Statistical Analysis 

Data were statistically analyzed by performing two-way ANOVA and Tukey’s post hoc test using 

GraphPad Prism software (version 6 for Windows, GraphPad Software Inc, San Diego, California, 

U.S.A.). Data were expressed as the group mean and standard error of the mean. Statistical significance 

is indicated on the following data comparisons: Npc1wt-tp or Npc1nih-tp mice on a chow or HFC diet vs 

Npc1wt-tp or Npc1nih-tp mice on a plant stanol-enriched chow or HFC diet (* p ≤ 0.05; ** p < 0.01; *** p < 

0.001; **** p < 0.0001). Npc1nih-tp mice on a chow or HFC diet vs Npc1wt-tp mice on a chow or HFC diet (# 

p ≤ 0.05; ## p < 0.01; ### p < 0.001; #### p < 0.0001). 
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RESULTS 

Plant Stanol Supplementation Improves Lipid Metabolism in Npc1nih-tp Mice on a HFC and to a Lesser Extent in 

Mice on a Chow Diet 

To determine to what extent the effects of plant stanols on lipid metabolism are dependent on diet, we 

analyzed plasma and liver cholesterol levels of Npc1wt-tp mice and of Npc1nih-tp mice placed on an HFC 

or chow diet for 15 weeks. At baseline, Npc1nih-tp mice displayed lower plasma total cholesterol but higher 

hepatic cholesterol concentrations as compared to the Npc1wt-tp mice, both following HFC and chow diets 

(Figure 2). 

As expected, adding plant stanols to the HFC diet effectively reduced plasma and hepatic cholesterol 

levels in both experimental groups (Figure 2), whereas plant stanol supplementation of the chow diet had 

no significant effect on plasma and liver cholesterol levels in either experimental group (Figure 2). 

 
Figure 2. Plasma and liver lipid levels: HFC and chow diets. (A) Total plasma cholesterol levels and (B) total liver 

cholesterol levels. n = 6–8 mice per group. All error bars represent standard error of the mean. Statistical significance is 

indicated as follows: Npc1nih-tp mice on an HFC or chow diet vs. Npc1wt-tp mice on an HFC or chow diet (### p < 0.001; 

#### p < 0.0001); Npc1wt-tp or Npc1nih-tp on a HFC or chow diet vs. Npc1wt-tp or Npc1nih-tp mice on a plant stanol-

enriched HFC or chow diet (* p ≤ 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). 

 

To have a deeper insight into hepatic cholesterol metabolism following plant stanol 

supplementation, we assessed liver levels of the following sterols in relation to liver 

cholesterol levels: sitostanol and campestanol, which were included in the plant stanol-

supplemented diet and can be seen as compliance markers; desmosterol, a cholesterol 

biosynthesis precursor; and 27-OH cholesterol, a bile acid precursor. After three weeks of 

plant stanol supplementation to HFC or chow diet, relative hepatic sitostanol and 

campestanol levels increased in both chimeric groups, as expected (Figure 3A,B). Following 

an HFC diet, increased relative desmosterol levels and reduced 27-OH cholesterol were 

observed in Npc1nih-tp mice compared to Npc1wt-tp mice (Figure 3C,D). Regarding the chow 

diet setting, relative liver desmosterol levels were also increased in Npc1nih-tp mice compared 

to Npc1wt-tp mice, whereas relative 27-OH cholesterol levels tended to be reduced in Npc1nih-

tp mice compared to Npc1wt-tp mice (Figure 3C,D). 
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While supplementing the HFC diet with plant stanols had no effect on relative desmosterol 

levels in the livers of Npc1wt-tp mice, Npc1nih-tp mice displayed increased relative desmosterol 

levels following increased plant stanol intake (Figure 3C). The aforementioned results suggest 

that, following a HFC diet, plant stanol supplementation increases liver cholesterol synthesis 

in Npc1nih-tp mice, but not in Npc1wt-tp mice. Furthermore, plant stanol supplementation to an 

HFC diet increased relative liver levels of 27-OH cholesterol in both chimeric groups, 

suggesting increased metabolism of cholesterol to oxidized sterols acids following increased 

plant stanol intake (Figure 3D). In contrast to the HFC setting, plant supplementation to a 

chow diet had no effects on hepatic levels of desmosterol and 27-OH cholesterol in either 

chimeric group (Figure 3D). 

 
Figure 3. Hepatic sterol lipid metabolism: HFC and chow diets. Liver levels of (A) sitostanol, (B) campestanol, (C) 

desmosterol, and (D) 27-OH cholesterol relative to total hepatic cholesterol levels. n = 6–8 mice per group. All error bars 

represent standard error of the mean. Statistical significance is indicated as follows: Npc1nih-tp mice on an HFC or chow 

diet vs Npc1wt-tp mice on a HFC or chow diet (#### p < 0.0001); Npc1wt-tp or Npc1nih-tp on a HFC or chow diet vs Npc1wt-

tp or Npc1nih-tp mice on a plant stanol-enriched HFC or chow diet (* p ≤ 0.05; **** p < 0.0001). 

 

To further assess the effects of plant stanol supplementation in liver lipid metabolism, we 

analyzed the liver expression of the following genes: Npc2, which encodes for a protein that 

transfers luminal cholesterol in late endosomes/lysosomes to NPC1; Cd36, a receptor for 

modified LDL, a pro-inflammatory lipoprotein; Abca1 and Abcg1, which mediate HDL 

synthesis and excess cholesterol efflux; Cyp7a1, a bile acid synthesis mediator; and Osbpl1, a 
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cytosolic protein that binds oxygenated forms of cholesterol (Figure 4). Following an HFC 

diet, Npc1nih-tp mice displayed higher Npc2 and Abcg1 expression but lower Osbpl1 expression 

as compared to the Npc1wt-tp mice (Figure 4A,D,F). Regarding the chow diet setting, while 

expression of most analyzed genes was comparable between the experimental groups, 

hepatic Npc2 expression tended to be increased in Npc1nih-tp mice, whereas Osbpl1 expression 

was effectively reduced in Npc1nih-tp mice compared to Npc1wt-tp mice (Figure 4F). 

 

 
Figure 4. Hepatic lipid metabolism-related gene expression: HFC and chow diets. Hepatic gene expression levels of (A) 

Npc2, (B) Cd36, (C) Abca1, (D) Abcg1, (E) Cyp7a1, and (F) Osbpl1. n = 6–8 mice per group. All error bars represent standard 

error of the mean. Statistical significance is indicated as follows: Npc1wt-tp mice on a HFC or chow diet vs. Npc1wt-tp mice 

on a HFC or chow diet (## p < 0.01; #### p < 0.0001); Npc1nih-tp or Npc1nih-tp on a HFC or chow diet vs Npc1wt-tp or Npc1nih-

tp mice on a plant stanol-enriched HFC or chow diet (* p ≤ 0.05; **** p < 0.0001). 

 

Adding plant stanols to the HFC diet reduced Npc2, Cd36, Abca1, and Abcg1 hepatic 

expression in Npc1nih-tp mice, suggesting reduced lysosomal lipid accumulation, modified 

cholesterol uptake, and excess cholesterol efflux (Figure 4A–D). Furthermore, increased plant 

stanol consumption also reduced Abcg1 expression and tended to reduce hepatic Cd36 

expression in the livers of Npc1wt-tp mice on a HFC diet, although the latter effect did not 

reach statistical significance (Figure 4B,D). Following plant stanol supplementation to the 

chow diet, no significant differences were observed in any of the analyzed hepatic genes’ 

expression. Altogether, the results described above indicate that dietary plant stanol 

supplementation only has minor beneficial effects on lipid metabolism in the absence of a 

HFC diet in Npc1nih-tp mice. 

 



Anti-Inflammatory Effects of Dietary Plant Stanol Supplementation Are Largely Dependent on the 

Intake of Cholesterol in a Mouse Model of Metabolic Inflammation. 

63 

Dietary Plant Stanol Supplementation Has Little Impact on Liver Inflammation in the Absence of a 

HFC Diet 

To investigate whether plant stanol supplementation reduces liver inflammation in the 

absence of a beneficial plant stanol-induced metabolic effect, we measured hepatic 

macrophages (CD68+) and infiltrated macrophages and neutrophils (Mac-1+), as well as 

infiltrated T-cells (CD3+) via immunohistochemistry (Figure 5). Following an HFC diet, 

Npc1nih-tp mice displayed higher numbers of hepatic macrophages, infiltrated macrophages, 

neutrophils, and T-cells as compared to the Npc1wt-tp mice (Figure 5). Regarding the chow 

diet setting, while no differences were observed regarding infiltrated macrophages and 

neutrophils between experimental groups, Npc1nih-tp mice displayed increased presence of 

hepatic macrophages and infiltrated T-cells compared to Npc1wt-tp mice, suggesting increased 

liver inflammation following Npc1 mutation in bone marrow-derived immune cells (Figure 

5). 

 

As expected, while plant stanol supplementation to HFC diet had no effect on hepatic levels 

of immune cells in Npc1wt-tp mice, dietary plant stanol supplementation reduced the amount 

of hepatic macrophages and infiltrated macrophages and neutrophils in Npc1nih-tp mice 

(Figure 5). In addition, Npc1nih-tp mice on a plant stanol-supplemented HFC diet showed a 

tendency for reduced infiltrated T-cells, although this effect did not reach statistical 

significance (Figure 5C). Supplementing the mice’s chow diet with plant stanols had no effect 

on the hepatic levels of any of the immune cells in either experimental group (Figure 5). 

 

To profile the effects of plant stanols on hepatic inflammation in more detail, we analyzed the 

expression of the following genes: Tnfα, Cd68, Ccl2, Il12, Caspase1, Ctsd, Icam, and Vcam (Figure 

6). Following an HFC diet, Npc1nih-tp mice displayed increased expression of Cd68, Il12, 

Caspase1, Ctsd, and Icam compared to Npc1wt-tp mice (Figure 6B,D-G). In addition, Ccl2 

expression tended to be increased in Npc1nih-tp mice compared to Npc1wt-tp mice, although 

this effect did not reach statistical significance (Figure 6C). Regarding the chow setting, 

Npc1nih-tp mice on a chow diet displayed increased hepatic expression of Cd68, Ctsd, and Vcam 

compared to Npc1wt-tp mice (Figure 6B,F,H). In line with our immunohistochemical 

observations, these results indicate increased hepatic inflammation in Npc1nih-tp mice 

compared to Npc1wt-tp mice, particularly in the HFC diet setting. 
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Figure 5. Hepatic inflammation-related immunohistochemistry: HFC and chow diets. (A–C) Quantification of hepatic 

macrophages (CD68), infiltrated hepatic macrophages and neutrophils (Mac-1), and infiltrated hepatic T-cells (CD3). 

(D–E) Representative pictures of liver sections stained for hepatic macrophages and infiltrated macrophages. All error 

bars represent standard error of the mean. Statistical significance is indicated as follows: Npc1nih-tp mice on a HFC or 

chow diet vs Npc1wt-tp mice on a HFC or chow diet (# p ≤ 0.05; ## p < 0.01; #### p < 0.0001); Npc1wt-tp or Npc1nih-tp on a 

HFC or chow diet vs Npc1wt-tp or Npc1nih-tp mice on a plant stanol-enriched HFC or chow diet (*** p < 0.001; **** p < 

0.0001). 
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Following plant stanol supplementation to the HFC diet, expression of Tnfα and Ccl2 was 

reduced in both experimental groups (Figure 6A,C). Furthermore, Npc1nih-tp mice displayed 

reduced expression of Cd68, Caspase1, and Ctsd, as well as a tendency for reduced Vcam 

expression, following a plant stanol-enriched HFC diet (Figure 6B,E,F,H). Finally, we 

observed reduced expression of Vcam in the livers of Npc1wt-tp mice on a plant stanol-enriched 

HFC diet compared to Npc1wt-tp mice on a HFC diet (Figure 6H). Similarly to 

immunohistochemistry results, plant stanol supplementation to the chow diet had no impact 

on the expression of the analyzed genes in either genotype (Figure 6). Overall, the results 

described above indicate that, in line with lipid metabolism results, plant stanol 

supplementation had fewer effects on liver inflammation in Npc1nih-tp mice fed a chow diet 

compared to Npc1nih-tp mice fed a HFC diet. 

 
Figure 6. Hepatic inflammation-related gene expression: HFC and chow diets. Hepatic gene expression of inflammatory 

markers (A) Tnf-α, (B) Cd68, (C) Ccl2, (D) Il12, (E) Caspase1, (F) Ctsd, (G) Icam and (H) Vcam. n = 6–8 mice per group for 

gene expression analyses. All error bars represent standard error of the mean. Statistical significance is indicated as 

follows: Npc1nih-tp mice on a HFC or chow diet vs Npc1wt-tp mice on a HFC or chow diet (# p ≤ 0.05; ## p < 0.01; #### p < 

0.0001); Npc1wt-tp or Npc1nih-tp on a HFC or chow diet vs. Npc1wt-tp or Npc1nih-tp mice on a plant stanol-enriched HFC or 

chow diet (* p ≤ 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). 
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Finally, we analyzed the blood monocytes and T-cells three weeks after the start of plant 

stanol supplementation to further investigate the effects of plant stanol supplementation on 

systemic inflammation (Figure 7). In this study, we analyzed the relative amounts of blood 

LyC6+ cells (a marker for activated pro-inflammatory monocytes), as well as of CD4+ and CD8+ 

cells, which denote helper and cytotoxic T-cells, respectively. While no differences were 

observed on T-cell populations among genotypes following an HFC diet (Figure 7C,D), 

Npc1nih-tp mice displayed lower levels of anti-inflammatory LyC6low monocytes and higher 

levels of pro-inflammatory LyC6high monocytes than Npc1wt-tp mice, indicating increased 

systemic inflammation in the former genotype following an HFC diet (Figure 7A,B). 

Regarding the chow setting, although Npc1nih-tp mice displayed reduced relative levels of 

blood T-helper cells compared to Npc1wt-tp mice (Figure 7C), relative amounts of blood anti- 

and pro-inflammatory monocytes and cytotoxic T-cells were comparable between chimeric 

groups following a chow diet (Figure 7A,B,D). 

 

Following plant stanol enrichment to the HFC diet, no significant effects were observed on 

any of the analyzed blood immune cell populations in either genotype (Figure 7). Of note, 

plant stanol supplementation to the HFC diet tended to increase levels of anti-inflammatory 

monocytes and to reduce levels of pro-inflammatory monocytes in Npc1nih-tp mice, although 

this effect did not reach statistical significance. After three weeks of plant stanol 

supplementation to the chow diet, we observed increased amounts of CD4+ T-cells in Npc1nih-

tp mice, suggesting that plant stanols increased the relative amount of blood helper T-cells 

(Figure 7C). Overall, despite the observed increase in helper T-cell levels in Npc1nih-tp mice on 

a plant stanol-enriched chow diet, these results suggest that three weeks of plant stanol 

supplementation has little impact on blood immune cell populations, regardless of genotype 

or diet. 
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Figure 7. Phenotype and levels of blood monocytes and T-cells: HFC and chow diets. Relative levels of plasma (A) pro-

inflammatory (LyC6+) and (B) anti-inflammatory (LyC6−) monocytes, as well as of (C) cytotoxic (CD8+) and (D) helper 

T-cells (CD4+) were measured by FACS analysis. n = 4 mice per group. All error bars represent standard error of the 

mean. Statistical significance is indicated as follows: Npc1nih-tp mice on a HFC or chow diet vs. Npc1wt-tp mice on a HFC 

or chow diet (# p ≤ 0.05; ## p < 0.01); Npc1wt-tp or Npc1nih-tp on a HFC or chow diet vs Npc1wt-tp or Npc1nih-tp mice on a 

plant stanol-enriched HFC or chow diet (* p ≤ 0.05). 

 

Altogether, the results described in this study indicate that beneficial effects of dietary plant 

stanol supplementation on lipid metabolism and inflammation are mostly dependent on 

excess intake of cholesterol in the analyzed model. 
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DISCUSSION 

Although glucose and lipid metabolism dysregulation are at the core of the metabolic 

syndrome, the ensuing inflammatory response underlies the development of metabolic 

syndrome-related diseases, such as atherosclerosis and NASH. As such, tools to prevent or 

reduce inflammation are paramount for metabolic syndrome patients. Plant stanols are well-

known to reduce dietary cholesterol absorption and to consequently reduce plasma 

cholesterol levels and inflammation. However, reports also suggest that plant stanols may 

have direct anti-inflammatory effects of their own, increasing their appeal as affordable, easily 

accessible anti-inflammatory tools for individuals with inflammatory disorders who do not 

consume cholesterol in excess. In this study, only subtle trends towards improved metabolism 

and inflammation were observed following plant stanol supplementation to a cholesterol-

poor diet. In contrast, plant stanol supplementation to the HFC diet clearly improved lipid 

metabolism and inflammation in Npc1nih-tp mice. Our results suggest that individuals who 

consume excessive amounts of cholesterol are likely to benefit the most from plant stanol 

supplementation. 

 

For decades, plant stanols and their unsaturated analogues, plant sterols, have been known 

to interfere with intestinal cholesterol absorption and to reduce plasma cholesterol levels in 

animal models and humans alike. Consequently, a variety of plant stanol-supplemented 

foods have been developed, which are often recommended to (mildly) hypercholesterolemic 

patients as a tool to reduce their plasma cholesterol levels. While the mechanisms underlying 

the effects of plant stanols on intestinal cholesterol absorption are still a matter of debate, it is 

likely that this effect is accomplished by a variety of processes, including interference with 

chylomicron cholesterol incorporation and stimulation of intestinal cholesterol excretion, for 

instance via LXR activation (3). In addition to stimulating cholesterol excretion in the 

intestines, it is possible that absorbed plant stanol molecules can likewise activate LXR 

signaling in the liver, thereby modulating hepatic lipid metabolism even in the absence of an 

HFC diet. Of note, experimental manipulations that were used in this experiment likely did 

not change intestinal NPC1L1 expression, excluding a role for this transporter in our study 

(3). While our results strengthen the view that plant stanols’ effects on hepatic lipid 

metabolism are highly dependent on interference with intestinal cholesterol absorption, the 

aforementioned trends suggest that plant stanol molecules may have direct effects on hepatic 

lipid metabolism, for instance via LXR activation. Since only about 0.15% of ingested plant 

stanols is effectively absorbed into the circulation (15), it is possible that such direct effects 

would have translated into stronger modulation of hepatic lipid metabolism following 

supplementation with increased concentration of plant stanols to the chow diet during a 

longer time period. In addition to being well-known LXR activators, plant stanols also 
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modulate sterol metabolism, which ultimately can influence hepatic inflammation. 

Relevantly, while in a previous study plant stanol supplementation reduced liver desmosterol 

levels in Ldlr-/- mice fed a HFC diet (16), here we observed a further increase in liver 

desmosterol levels of Npc1nih-tp mice following plant stanol supplementation to an HFC diet, 

and a similar trend was observed in the regular chow diet setting. While the physiological 

relevance of such an increase is unclear, considering the accompanying reduction in liver 

inflammation, it is possible that plant stanol supplementation stimulates Npc1nih macrophages 

to further accumulate desmosterol. Such a desmosterol accumulation could increase LXR 

activation and inhibit SREBP-pathways, thereby reducing the inflammatory profile of Npc1nih 

macrophages and possibly contributing to reduced inflammation following plant stanol 

supplementation (17, 18). 

 

In addition to interfering with intestinal cholesterol absorption and modulating lipid 

metabolism via diverse signaling pathways, there is further evidence indicating that plant 

stanols may have anti-inflammatory and immunomodulatory effects independent from their 

effects on cholesterol intestinal absorption. Previously, one in vitro study showed that 

sitostanol administration to bone marrow-derived macrophages reduced TNFα secretion in 

the absence of changes in Lxr expression (16), suggesting that plant stanols shift macrophages 

towards a less pro-inflammatory profile independently of LXR activation and of lipid 

metabolism status of other cell types, such as hepatocytes. Further studies showed that 

increased plant stanol consumption shifts T-cells towards a Th1 profile in asthma patients, a 

process likely mediated by TLR2 activation (19-21). These findings suggest that plant stanols 

have immunomodulatory effects independent of effects on lipid metabolism. However, such 

effects have yet to be validated in in vivo models regarding metabolic inflammatory 

disorders, such as NASH, cardiovascular disease, and atherosclerosis. In the current study, 

apart from a modest increase in circulating helper T-cells in Npc1nih-tp mice, we observed only 

subtle reductions in hepatic inflammatory markers following plant stanol supplementation 

to a chow diet. It should be noted that, while Npc1nih-tp mice consistently displayed higher 

liver lipid accumulation and inflammation compared with Npc1wt-tp mice, the disease 

phenotype was much more subtle in Npc1nih-tp mice fed a chow diet than in the HFC diet 

setting. As such, it is possible that a stronger disease phenotype is needed in order to observe 

more pronounced effects of plant stanol supplementation. In addition, in a previous study 

(5), Npc1nih mice on a cholesterol poor diet showed strong improvements in systemic 

inflammation after five weeks of plant stanol supplementation, rather than three, as in the 

current study. Furthermore, while we observed improvements in the NPC1 disease 

phenotype following 2% plant stanol supplementation in this study (5), such effects were 

more pronounced in mice consuming a 6% plant stanol-enriched diet. Therefore, it is possible 

that administration of higher concentrations of plant stanols for a longer time period would 
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also have elicited significant anti-inflammatory effects in the chow setting in the current 

study, as has also been proposed in previous discussions regarding contradicting 

observations of plant stanols’ anti-inflammatory effects in cardiovascular disease patients (22-

24). Overall, although we cannot fully exclude other direct, albeit subtle, anti-inflammatory 

effects, our findings indicate that plant stanols’ immunomodulatory effects are mainly visible 

in conditions of a high cholesterol intake. As such, while long-term plant stanol 

supplementation may benefit individuals with low-grade inflammation who do not consume 

excessive cholesterol, it is likely that plant stanols will bring the most benefits to patients with 

cholesterol-enriched, unhealthy diets. 
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ABSTRACT 

While the link between diet-induced changes in gut microbiota and lipid metabolism in 

metabolic syndrome (MetS) has been established, the contribution of host genetics is rather 

unexplored. As several findings suggested a role for the lysosomal lipid transporter 

Niemann-Pick type C1 (NPC1) in macrophages during MetS, we here explored whether a 

hematopoietic Npc1 mutation, induced via bone marrow transplantation, influences gut 

microbiota composition in low-density lipoprotein receptor knockout (Ldlr-/-) mice fed a high-

fat, high-cholesterol (HFC) diet for 12 weeks. Ldlr-/- mice fed a HFC diet mimic a human 

plasma lipoprotein profile and show features of MetS, providing a model to explore the role 

of host genetics on gut microbiota under MetS conditions. Fecal samples were used to profile 

the microbial composition by 16s ribosomal RNA gene sequencing. The hematopoietic Npc1 

mutation shifted the gut microbiota composition and increased microbial richness and 

diversity. Variations in plasma lipid levels correlated with microbial diversity and richness 

as well as with several bacterial genera. This study suggests that host genetic influences on 

lipid metabolism affect the gut microbiome under MetS conditions. Future research 

investigating the role of host genetics on gut microbiota might therefore lead to identification 

of diagnostic and therapeutic targets for MetS. 
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BACKGROUND 

Metabolic syndrome (MetS) is a complex disorder that identifies centrally obese patients at 

increased risk for developing cardiovascular disease (CVD) and diabetes mellitus type 2 (1, 

2). Due to the continuous increased prevalence of obesity, MetS is considered a global 

epidemic, putting an enormous pressure on health care services (3). Next to insulin resistance 

and hypertension, another central abnormality observed within MetS are disturbances in 

lipid metabolism, resulting in dyslipidemia (1, 4). Dyslipidemia is characterized by increased 

plasma triglyceride-rich lipoproteins, decreased plasma high-density lipoprotein (HDL) and 

increased plasma low-density lipoprotein (LDL), leading to MetS-associated pathologies (4).  

 

Next to disturbances in plasma lipid levels, alterations in intracellular lipid metabolism have 

also been observed in MetS. While mutations in the gene encoding for the lysosomal 

membrane protein Niemann-Pick type C1 (NPC1) are well-known to induce a rare lysosomal 

storage disease, recent findings have also linked a dysfunctional NPC1 protein to the 

development of obesity and MetS (5, 6). Specifically, heterozygous Npc1 mutation carriers 

showed a 4.8 higher risk for developing morbid adult obesity (7). Moreover, identification of 

several Npc1 small nucleotide polymorphism (SNPs) via genome-wide association (5) and 

confirmation studies (8-10) have further highlighted the link between Npc1 variants (allele 

frequency ~ 38%) and obesity in the European population. Mechanistically, a dysfunctional 

NPC1 protein leads to lysosomal lipid accumulation, thereby disturbing lipid metabolism 

(11). Likewise, the phenomenon of lipid accumulation within the endo-lysosomal 

compartment of cells has also been observed in pathologies associated with MetS (12). While 

lysosomal dysfunction in proximal tubular cells contributed to obesity-related kidney 

diseases (13), lysosomal lipid storage within macrophages is a well-described mechanism 

disturbing general lipid metabolism and results in the induction of a chronic low-grade 

inflammatory response in non-alcoholic steatohepatitis (14, 15) and atherosclerosis (12, 16-

18). These findings imply a role for macrophage NPC1 in disturbing lipid homeostasis in 

MetS.  

 

Relevantly, several studies have shown a link between the composition of the gut microbiota 

and lipid parameters such as LDL, triglyceride and HDL levels (19-23). Moreover, modulating 

the gut microbiota by transferring the microbiota of lean donors has been shown to improve 

MetS in patients (24), indicating the gut microbiota as a promising target to tackle metabolic 

disorders. However, the underlying mechanisms through which the gut microbiota 

modulates host’s metabolism remain largely elusive (25). Gaining knowledge into the exact 

interactions between environment and host genetics on gut microbiota and associated 
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pathophysiological processes is therefore essential to improve our diagnostic and therapeutic 

approaches to tackle metabolic pathologies. 

 

The current study investigated whether a hematopoietic Npc1 mutation influences the gut 

microbiota in low-density lipoprotein receptor knockout (Ldlr-/-) mice fed a high-fat, high-

cholesterol (HFC) diet for 12 weeks. Ldlr-/- mice fed a HFC diet mimic a human plasma 

lipoprotein profile and show features of MetS (26), providing a model to explore the role of 

host genetics on gut microbiota under MetS conditions. For this purpose, Ldlr-/- mice received 

bone marrow from Niemann-Pick type C1 mutant (Npc1mut) mice. This study suggests that 

host genetic influences related to lipid metabolism shift the gut microbiota composition and 

increases microbial richness and diversity under MetS conditions. Variations in plasma lipid 

levels correlated with microbial diversity and richness as well as with several bacterial genera. 

Future research investigating the role of host genetics on gut microbiota can therefore lead to 

identification of novel diagnostic and therapeutic targets for MetS. 
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RESULTS 

Hematopoietic Npc1 mutation disturbs intracellular and circulating lipid levels 

To confirm successfulness of the bone marrow transplantation, intracellular and circulating 

lipid levels were measured in Npc1mut-tp Ldlr-/- mice. Subjecting Npc1mut-tp Ldlr-/- mice to a HFC 

diet for 12 weeks resulted in a strong increase in hepatic cholesterol levels, while a reduction 

was observed for hepatic triglyceride levels (Table 1). Moreover, due to the hematopoietic 

Npc1 mutation, hepatic lipids accumulated in the lysosomal fraction of hepatic macrophages 

(Fig. 1A – B and Supplementary Figures S1 and S2). Additionally, plasma cholesterol, 

triglyceride and free fatty acid levels decreased significantly, indicating a decrease of 

circulating lipids in Npc1mut-tp Ldlr-/- mice (Table 1). In line with these data, hepatic gene 

expression levels of ATP-binding cassette sub-family G member 1(Abcg1), Niemann-Pick type 

C2 (Npc2) and ATP-binding cassette transporter A1 (Abca1) increased in Npc1mut-tp Ldlr-/- mice. 

In spite of increased hepatic cholesterol levels (Table 1), these observations indicate increased 

hepatic cholesterol efflux signaling, which is likely a compensation mechanism to overcome 

the accumulation of cholesterol in lysosomes. Overall, these data show that a hematopoietic 

Npc1 mutation induces lysosomal accumulation of lipids inside liver macrophages and 

disturbs general lipid metabolism in Ldlr-/- mice on a HFC diet. 
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Figure 1: Hepatic phenotype of HFC-fed Ldlr-/- mice carrying a hematopoietic Npc1 mutation. (A) Representative 

images of hepatic staining for hematoxylin and eosin (H&E), showing lysosomal lipid accumulation and granuloma 

formation in Npc1mut-transplanted Ldlr-/- mice. The left panel shows a normal view of the liver under high cholesterol 

conditions, with the green dots indicating lipid droplets. The right panel show clustering of foamy macrophages, 

referred to as granulomas (indicated by the asterisks). (B) Representative electron microscopy image of hepatic 

macrophages carrying a hematopoietic Npc1 mutation in HFC-fed Ldlr-/- mice, confirming the massive accumulation of 

lipids. The left panel shows a single Kupffer cell (K), surrounded by 2 hepatocytes (Hep.). The right panel shows the 

granuloma (surrounded by the dashed line), which is surrounded by Kupffer cells (K). 

Table 1: Intracellular and circulating lipid metabolism 

 Npc1wt-tp Ldlr-/- Npc1mut-tp Ldlr-/- 

Liver total cholesterol 

(µg/mg dry weight) 

47.03 ± 4.47 75.47 ± 2.51 *** 

Liver total triglycerides 

(mg/mg protein) 

0.51 ± 0.06 0.26 ± 0.04 ** 

Plasma total cholesterol 

(mM) 

38.53 ± 1.44 22.1 ± 1.09 *** 

Plasma total cholesterol 

(mM) 

38.53 ± 1.44 22.1 ± 1.09 *** 

Plasma total triglycerides 

(mM) 

3.82 ± 0.31 1.42 ± 0.15 *** 

Plasma free fatty acids (mM) 1.33 ± 0.04 0.96 ± 0.05 *** 

Abcg1 (Rel. Expr.) 1.00 ± 0.09 2.65 ± 0.13 ***  

Npc2 (Rel. Expr.) 1.00 ± 0.1 3.06 ± 0.12 *** 

Abca1 (Rel. Expr.) 1.00 ± 0.12 1.13 ± 0.06 

 

Microbial richness and diversity are increased and linked to lipid metabolism  

To investigate the influence on microbial richness and diversity, α-diversity metrics were 

calculated. Both the observed microbial richness (observed number of OTUs) as well as the 

estimated richness as indicated by the Chao 1 index, was significantly higher in Ldlr-/- mice 
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carrying the hematopoietic Npc1 mutation (Fig. 2A and 2B). Likewise, microbial biodiversity, 

measured via the Shannon index (Fig. 2C) was significantly increased in Npc1mut-tp mice. To 

further define which variables are linked to microbial richness and diversity in this mouse 

model, Spearman correlation analysis was performed on all variables and the Chao 1 

(richness) or Shannon (biodiversity) index. Plasma free fatty acids levels were negatively 

correlated with microbial richness (r = -0.47; p = 0.03) (Fig. 2D). Concomitantly, plasma total 

cholesterol levels showed the same inverse correlation with microbial richness (r = -0.41; p = 

0.07) (Fig. 2E), though this correlation did not reach statistical significance. Furthermore, 

biodiversity correlated positively with hepatic gene expression levels of the intracellular 

cholesterol transporter Niemann-Pick type C2 (Npc2) (r = 0.47; p = 0.04) (Fig. 2F) and 

negatively with plasma total cholesterol levels (r = -0.56; p = 0.007) (Fig. 2G). Together, these 

data demonstrate that a hematopoietic Npc1 mutation in Ldlr-/- mice increases microbial 

richness and biodiversity, which is correlated to changes in lipid metabolism. 
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Figure 2: Alpha diversity metrics in Ldlr-/- mice on HFC diet carrying a hematopoietic Npc1 mutation compared to 

wildtype. (A-C) The number of OTUs (A), Chao 1 index (B) and Shannon index (C) indicate increased diversity in 

Npc1mut-transplanted Ldlr-/- mice. (D-G) Spearman correlation between alpha diversity metrics and lipid parameters 

indicate a link between lipid metabolism and gut microbiota diversity. * Indicates p < 0.05. All errors are SEM.  

 

The microbial community structure is related to the hematopoietic Npc1 mutation but the 

latter is not linked to enterotypes 

The dissimilarity in the microbial community composition (beta-diversity) of stool samples 

was assessed using the Bray-Curtis (BC) dissimilarities.  Principal coordinate analysis (PCoA) 

based on Bray-Curtis dissimilarities showed that samples could be partly separated based 

upon the hematopoietic Npc1 mutation (Fig. 3A). Moreover, the within-group distance in 

microbial community structure (i.e. average Bray-Curtis dissimilarity between samples from 

the same treatment group) was significantly smaller than the between-group distance, 

indicating that the microbiota composition of animals within the same treatment group is 
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more similar compared to animals from different treatment groups (Fig. 3B). Enterotype 

analyses revealed two enterotypes driven by Allobaculum, Lactobacillus and S24-7 (Fig. 3C). 

However, the clustering was not associated with the bone marrow-specific Npc1 mutation. 

 
Figure 3: Principal Coordinate Analyses (PCoAs) based on Bray-Curtis distance and assortment of gut microbial 

communities into enterotypes for HFC-fed Ldlr-/- mice carrying a hematopoietic Npc1wt or Npc1mut mutation. (A) 

PCoA-plot based on unweighted UniFrac metrics for all samples showed that samples could be partly separated based 

upon the hematopoietic Npc1 mutation. (B) Bray-Curtis distances were calculated within Npc1wt-transplanted and 

Npc1mut-transplanted HFC-fed Ldlr-/- mice (average pairwise distance in microbiota composition between samples of the 

same experimental group) and between Npc1wt -transplanted and Npc1mut -transplanted HFC-fed Ldlr-/- mice (average 

pairwise distance between samples of different experimental groups), confirming the separation based on the 

hematopoietic Npc1 mutation. (C) Between-class analysis visualizing the two distinct enterotypes that could be 
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identified based upon PAM clustering of Bray-Curtis distances, with closed dots (Npc1mut) and squares (Npc1wt) 

representing individual mice and numbered white rectangles marking the center of each enterotype. Enterotypes were 

mainly driven by differential abundances in Allobaculum, Lactobacillus and S24-7, however the clustering was not 

associated with the bone marrow-specific Npc1 mutation. * Indicates p < 0.05. 

 

To determine whether the hematopoietic Npc1 mutation or other variables had an additional 

effect on the gut microbiota community structure, we subsequently performed distance-based 

redundancy analysis (dbRDA); a constrained ordination technique. Constrained ordination 

techniques attempt to explain differences in microbial composition between samples by 

differences in explanatory variables (e.g. hematopoietic Npc1 mutation). In db-RDA, the 

information from explanatory variables is combined with the eigenvalues obtained from the 

PCoA. Permutational multivariate analysis of variance (PERMANOVA) was used to 

determine significant dissimilarity within bacterial communities and multiple explanatory 

variables. The hematopoietic Npc1 mutation (p = 0.034, explained variance = 18.9%) as well as 

hepatic gene expression levels of the cholesterol transporter Abcg1 (p = 0.041, explained 

variance = 20.8%) showed a relationship with the microbial community structure (Fig.4A-B), 

whereas Abca1, Npc2, plasma total cholesterol, plasma total triglycerides, plasma free fatty 

acids, plasma cupper oxLDL, plasma EO6, cage number, liver total cholesterol and liver total 

triglycerides did not.  

 

Hematopoietic Npc1 mutation shifts gut microbiota composition in HFC-fed Ldlr-/- mice 

Based on 16S rRNA gene sequencing, the dominant phyla/genera were selected for further 

analysis, leading to in depth analysis of 4 phyla and 44 genera (Fig. 5A-B). Firmicutes, 

Bacteroidetes and, to a lesser extent, Actinobacteria and Proteobacteria were the dominant 

observed phyla (Fig. 5A). The relative abundance of the bacterial phyla was not significantly 

different between Npc1wt- and Npc1mut-tp mice (Fig. 5A), however, within the Firmicutes 

phylum significant differences were observed in the relative abundance of several bacterial 

genera. Specifically, Staphylococcus spp. (p = 0.008; q = 0.34) and unclassified Mogibacteriaceae 

spp. (p = 0.008; q = 0.34) showed significantly higher levels in relative abundance in the 

Npc1mut-tp mice compared to Npc1wt-tp mice, whereas the abundance of Allobaculum spp. (p = 

0.01, q = 0.34) was significantly lower (Fig. 5B-E). Relevantly, the unclassified Mogibacteriaceae 

spp. correlated with hepatic gene expression levels of Abcg1 (r = 0.57; p = 0.009) (Fig. 5F) and 

plasma total triglyceride levels (r = -0.41; p = 0.07), though the latter association was not 

statistically significant (Fig. 5G). Furthermore, the genus Allobaculum spp. showed a positive 

correlation with plasma free fatty acid levels (r = 0.52; p = 0.02) (Fig. 5H). Thus, a 

hematopoietic Npc1 mutation alters the composition of gut microbiota in HFC-fed Ldlr-/- mice, 

which are correlated with changes in lipid metabolism. 
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Figure 4: Distance-based Redundancy Analysis (db-RDA) showing the relationship of the hematopoietic deficiency 

for Npc1 and Abcg1 to the microbial community structure. The plots represent a dbRDA ordination based upon the 

Bray-Curtis distance including (A) Npc1wt- and Npc1mut -transplanted Ldlr-/- mice with the hematopoietic Npc1 mutation 

as explanatory variable. This panel confirms the separation of the microbiota based on the hematopoietic Npc1 mutation. 

(B) Plasma cholesterol, plasma triglycerides, liver triglycerides, plasma free fatty acids, cage number, liver cholesterol, 

plasma EO6, plasma CuOxLDL and hepatic gene expression of Abcg1, Npc2, Npc1 and Abca1 as explanatory variables 

and samples colored to hepatic expression of Abcg1. Multivariate PERMANOVA analysis including all explanatory 

variables demonstrated that both Npc1 and Abcg1 were significantly associated with the microbial community structure, 

while all other explanatory variables were not when mutually adjusting for each other. This plot further confirms that 

increased Npc1 and Abcg1 expression levels are associated with similar changes in the microbial community structure. 

MDS1 represents the unconstrained axis. CAP1 and CAP2 represent, respectively, the first and second constrained axes 

used in the CAP (canonical analysis of principal coordinates).  
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Figure 5: Taxonomy at phylum and genus level for Npc1wt- and Npc1mut -transplanted HFC-fed Ldlr-/- mice. (A-B) 

Overview of the mean relative abundance at phylum level. (C) An overview of the mean relative abundance at genus 

level is given. Significant differences between the groups at genus level are presented in separate box-whiskers for 

Staphylococcus spp. (D), unclassified Mogibacteriaceae spp. (E) and Allobaculum spp. (F). (G-I) Spearman correlation between 

lipid parameters and relative abundances of unclassified Mogibacteriaceae spp. and Allobaculum spp.  * Indicates p < 0.05 

and ** p < 0.01.  
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DISCUSSION 

Whereas increasing evidence has linked diet-induced changes in gut microbiota to 

perturbations in lipid metabolism in MetS, the contribution of host genetics to this relation is 

rather unexplored. This study suggests that host genetic influences on lipid metabolism such 

as a hematopoietic Npc1 mutation affect the gut microbiome under MetS conditions.  

 

Though Npc1 was previously identified in a human GWAS for obesity (5), our study is the 

first to imply its direct impact on the gut microbiome under MetS conditions. This observation 

suggests that host-derived genetic disturbances in lipid metabolism can impact the gut 

microbiome. Indeed, an increasing amount of reports have established the capacity of the 

host’s genetic profile to shape the gut microbiome, thereby supporting our findings (27, 28). 

Also, the observation that a hematopoietic Npc1 mutation impacts the gut microbiota under 

MetS conditions confirms the previously established link between lipid metabolism and gut 

microbiota composition. However, in contrast to genetic manipulation of lipid metabolism, 

the link between lipid metabolism and gut microbiota has mainly been established based on 

studies wherein dietary components (i.e. high fat diet, prebiotics) altered lipid metabolism 

via influences on gut microbiota (29, 30). Therefore, in addition to gut microbiota-mediated 

influences of dietary compounds on lipid metabolism, our study implies that also host genetic 

factors that influence lipid metabolism can impact the gut microbiome. However, as we 

employed a HFC diet to both experimental conditions, the observed impact of the gut 

microbiota of the Npc1 mutation is likely also influenced by this diet. Indeed, previous reports 

have indicated that a high fat diet influences the composition of the gut microbiota (31, 32). 

Therefore, in spite of the observed changes in gut microbiota composition, to incontrovertibly 

demonstrate that the hematopoietic Npc1 mutation influences gut microbiota composition, it 

is essential to investigate the gut microbiota of Npc1mut–tp Ldlr-/- mice receiving a normal chow 

diet. 

 

Our results also shed new light on the association between overall health status and the gut 

bacterial richness and diversity. Here, under HFC conditions, induction of the pathological 

hematopoietic Npc1 mutation elevated bacterial richness and diversity. However, this is 

opposed to the concept that increased bacterial richness and diversity reflect ecosystem 

stability and resilience and is associated with overall health (33-37). Yet, our apparent 

discordant finding on the association between disease and richness/diversity has also been 

observed by Kasai et al. who observed increased levels of bacterial diversity in obese 

compared to lean subjects (38). Moreover, Vandeputte et al. associated stool consistency, 

potentially due to long colonic transit time (39, 40), with higher gut bacterial richness. 

Therefore, the increased bacterial richness and diversity observed in the pathological 
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experimental group in the current study might have been influenced by stool consistency, 

hampering the view on bacterial richness and diversity as a marker for overall health status. 

Of note, while it is generally accepted that reduced plasma lipids are beneficial for health (41), 

in the current model the reduced plasma lipids are a consequence of the accumulation of 

lipids inside macrophages (due to the Npc1 mutation). Therefore, the observed reduction in 

plasma lipids in our model is not considered beneficial for the health status, as these mice 

develop inflammation in the liver (42) and arteries (43). 

 

Among the shifted gut bacteria after hematopoietic Npc1 mutation, we identified reduced 

relative abundances of the genus Allobaculum spp.. Several studies have previously shown that 

Allobaculum spp. abundance is reduced in response to dietary fat intake (44, 45) and correlates 

with variations in plasma HDL concentrations (46) and body weight (47). In line, hepatic 

Abcg1 and Abca1 expression was increased in Npc1mut-tp mice, suggesting changes in lipid 

metabolism via lysosomal lipid-mediated activation of the transcription factor liver X 

receptor (48, 49). Therefore, our finding is consistent with the proposed view that Allobaculum 

spp. can be considered beneficial for the physiology of the host (29). Next, in a prospective 

cross-sectional study, Staphylococcus spp. abundance was positively correlated with energy 

intake in obese children (50). Here, we found an increased abundance of Staphylococcus spp. 

in HFC-fed Ldlr-/- mice carrying the hematopoietic Npc1 mutation. As such, Staphylococcus spp. 

might be involved in regulating the host’s lipid metabolism. Finally, increased relative 

abundances were observed of unclassified Mogibacteriaceae spp. in this study. Relevantly, a 

recent study by Harach et al. correlated levels of unclassified Mogibacteriaceae spp. with 

amyloid beta 42 levels in the brain of mice suffering from Alzheimer’s disease (51). As 

multiple reports have previously linked a dysfunctional NPC1 protein to Alzheimer’s disease 

(52-54), relative abundance changes in unclassified Mogibacteriaceae spp. might be directly 

related to mutations in Npc1 and deserve further investigation. Of note, to ensure the causality 

between mutations in Npc1 and changes in gut microbiota composition, host responses 

should also be investigated in the future by means of fecal transplantation experiments. As 

such, the results in the current study do not provide information on causality, but are rather 

of associative nature. 

 

Overall, this study suggests the impact of host genetic influences on lipid metabolism such as 

a hematopoietic Npc1 mutation on the gut microbiome in the context of MetS, confirming the 

link between lipid metabolism and gut microbiota. In addition, in contrast to previous 

studies, our findings suggest that increased microbial richness and diversity do not 

necessarily associate with improved health. Despite the significant associations between 

microbial richness and diversity and several lipid parameters, these Spearman correlations 

were rather low, potentially due to low sample size. As such, further research is necessary to 
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confirm these associations. Finally, future research investigating the role of host genetics on 

gut microbiota is therefore warranted as it will increase our understanding of the function of 

the gut microbiome in human physiology and pathology. 
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METHODS 

Experimental design 

Niemann-Pick type C1nih mutant (Npc1mut) mice (a kind gift from Prof. Dr. Lieberman from 

University of Michigan Medical School) were backcrossed into a C57BL/6J background for 

more than 10 generations. Npc1mut and Ldlr-/- mice were housed under standard conditions 

and had access to food and water ad libitum. Experiments were performed according to 

Dutch regulations and approved by the Committee for Animal Welfare of Maastricht 

University (approval number DEC 2011-133) (42, 43). Specifically, mice were housed in 

individually ventilated cages (IVC) in a conventional specified pathogenic free (SPF) facility 

where a 12hr day/night cycle was handled using a dusk transition phase. Room temperature 

was kept constant at 21°C. Corncob bedding material was used in the cages and animals were 

fed 10 mm food pellets that were irradiated with 25 kGray.  

 

To generate myeloid Npc1mut deficient Ldlr-/- mice, a bone marrow transplantation was 

performed. Twenty-two week-old female Ldlr-/- mice received one week before and four 

weeks after irradiation antibiotic water containing 100 mg/l neomycin (Gibco, Breda, the 

Netherlands) and 6*104 U/l polymycin B Sulphate (Gibco, Breda, the Netherlands). One day 

before and on the day of the transplantation, Ldlr-/- mice were lethally irradiated with 6 Gray 

of γ-radiation in the morning, thus receiving 12 Gray in total. Lethally irradiated Ldlr-/- mice 

were then injected with 1*107 bone marrow cells donated from either Npc1mut mice or wildtype 

littermate controls (Npc1wt). In order to fully ensure bone marrow replacement, mice had a 

nine-week recovery period. After nine weeks of recovery, transplanted (-tp) mice received an 

HFC diet, containing 21% butter, 0.2% cholesterol, 46% carbohydrates and 17% casein (diet 

1635; Scientific Animal Food and Engineering, Villemoissonsur-Orge, France) for 12 weeks. 

We further highlight that the same mouse model as well as the described lipid measurements 

were used in previously published manuscripts, where administration of dietary cholesterol 

was essential to induce lysosomal lipid-induced inflammation (42, 43, 55). As we anticipated 

only subtle changes (56) in the gut microbiome due to the Npc1 mutation being restricted to 

the hematopoietic line, we did not cohouse both genotypes. Though the influence of cage-

effects cannot be completely excluded, the following measures were taken to minimize the 

impact of housing conditions: the litters were separated per genotype after weaning, mice of 

similar age were used, the entire experiment was performed at once (so not over different 

time points), food and autoclaving parameters were standardized, only 1 person handled the 

mice throughout the entire experiment, mice were kept in cages in the same room, in the same 

rack and finally, mice of each genotype were put in four different cages. Finally, the between-

genotype Bray-Curtis dissimilarity was significantly increased to the between-cage Bray-

Curtis dissimilarity ((p = 0.03 compared to WT cages and p = 0.04 compared to Npc1mut cages), 

providing further evidence that the observed effects in the current study are at least partly 
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due to the Npc1 mutation. Liver tissue was isolated and snap-frozen in liquid nitrogen and 

stored at -80°C or fixed in 4% formaldehyde/PBS. The biochemical determination of plasma 

cholesterol and liver triglyceride levels, electron microscopy, RNA isolation, complementary 

DNA synthesis, quantitative polymerase chain reaction are described extensively (42, 43, 57). 

Liver cholesterol levels were quantified as described previously(58).  

 

Sample collection and processing 

Mice were housed in groups of 4 in separate cages, which were kept in the same room 

throughout the study. Fecal samples were snap-frozen with liquid nitrogen and stored at -

80°C. DNA isolation was done using the FavorPrep Stool DNA Isolation Mini Kit (FASTI 001-

1) according to manufacturer’s protocol. 

 

Sequencing 

Amplicon libraries and sequencing was performed according to previously published 

protocols (19, 59, 60). Briefly, the hypervariable region V4 of the 16S rRNA gene was PCR 

amplified from each DNA sample using forward primer 515F and reverse primer 806R as 

described previously (19). Illumina MiSeq paired end sequencing of equimorlarly pooled 

amplicons was subsequently used to determine the bacterial composition of fecal samples. 

Custom scripts were used to remove primer sequences, align paired end reads and quality-

filter the sequencing reads. Details can be found in Fu et al. (19) and Bonder et al. (59). 

Sequencing data of all samples have been deposited in the European Bioinformatics Institute 

(EBI) database under primary accession code (ENA) PRJEB31646 and secondary accession 

code ERP114028. 

 

Data analysis and statistics 

Sequences were clustered into Operational Taxonomic Units (OTUs) using UCLUST (version 

1.2.22q) at 97% similarity.  For taxonomic assignments of OTUs, a TaxMan (61) filtered and 

truncated version of the full Greengenes reference database version 13.5 was used. OTUs that 

did not cluster against any of the sequences in the reference database were suppressed.  

A total of 1,503,804 paired-end sequences, with a sequencing depth ranging from 15,637-

117,585 reads/sample, were clustered in a total of 13,312 OTUs.  To further reduce spurious 

OTUs and normalize for sequencing depth, data were rarefied to 10,000 reads/sample and 

OTUs containing less than 5 reads or occurring in only a single sample were discarded, 

resulting in a final number of 2.695 OTUs. Downstream analysis were conducted in QIIME 

version 1.9 (62) and R version 3.1.3.  

 

Microbial data-analyses and statistics 

Taxonomic composition 
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Differences in the relative abundance of bacterial phyla and genera between Npc1wt-tp and 

Npc1mut-tp Ldlr-/- mice were compared using the non-parametric t-test Metastats while 

controlling for multiple comparisons by means of the False Discovery Rate (q = 0.15; 750 

permutations). Relations between bacterial phyla/genera and other continuous variables were 

analyzed via Spearman correlation using GraphPad Prism, version 6.0 for Windows. Though 

correlations between lipid parameters and gut microbiota abundances were calculated on 

pooled data to increase the power, it was verified whether both groups showed the same 

effect. 

 

Microbial richness & diversity and microbial community structure  

The following metrics of species richness and diversity within communities (alpha-diversity) 

were determined: observed OTUs (observed richness), Chao1 index (estimated richness), and 

Shannon diversity index. Alpha diversity metrics between the wild-type and mutant animals 

were compared by Mann Whitney tests using GraphPad Prism, version 6.0 for Windows. 

Beta-diversity, or diversity shared across samples was determined by the Bray-Curtis 

dissimilarity (BC) at a rarefaction depth of 10,000 seq/sample (Supplementary Figure S3). 

Clustering of samples was visualized using Principal Coordinate analysis (PCoA) followed 

by distance-based redundancy analysis (db-RDA), a constrained extension of PCoA. Db-RDA 

was performed in R (63) package vegan using the capscale function. To determine to what 

extend the hematopoietic Npc1 mutation contributed in explaining the microbial community 

structure, we used variance partitioning with distance-based redundancy analysis (db-RDA) 

of Bray-Curtis distances. In a subsequent db-RDA, the following data were additionally 

included as explanatory variables to examine whether they had a significant impact on the 

microbial community structure: liver cholesterol, liver triglycerides, plasma cholesterol, 

plasma triglycerides, plasma free fatty acids, plasma cupper oxLDL, plasma EO6, cage 

number and hepatic gene expression of Abcg1, Npc2 and Abca1. 

 

Enterotyping analyses 

Enterotype analyses were performed as described previously by Armougham and colleagues 

(64). Bray-Curtis (BC) distances were calculated for the genus-level relative abundance 

profiles. We used the R (63) package “vegan: Community ecology”, version 2.2-1 by Oksanen 

et al. from 2011 for calculating the Bray-Curtis distances (65). To cluster the samples based on 

these distance metrics, we used the Partitioning Around Medoids (PAM) clustering algorithm 

in the R package “Cluster analysis basics and extensions”, version 2.0.1 ed. by Maechler et al. 

from 2012 (66). The optimal number of clusters was chosen based on Calinski-Harabasz (CH) 

index and validated by the silhouette index (67) using the R package ‘clusterSim’. An optimal 

number of 2 clusters was identified based on the CH index, which was confirmed by the 

silhouette index although clustering was weak (SI 0.28). Subsequent visualization and 
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identification of relevant taxa was conducted for analyses based on BC distance. Between-

class analysis (BCA) was performed to plot the samples using the R package “Analysis of 

Ecological Data: Exploratory and Euclidean Methods in Environmental Sciences” version 

1.7.2. by Dray et al. from 2015. The similarity percentage analysis (SIMPER) (68) was used to 

identify taxa contributing to similarity within- and dissimilarity between groups. Similar 

analyses have also been described previously (60).  
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SUPPLEMENTARY MATERIALS 

 

 

 

 

 

 

 

 

 

 

 

 

 
Supplementary Figure S1: Oil Red O staining. 

 

 

 

 

 

 

Supplementary Figure S2: Representative images of electron microscope wherein acid phosphatase staining was used 

for visualisation of lysosomes (blue asterisk and arrows) in hepatic macrophages 

 

 

 

 

Npc1
mut

-tp Ldlr
-/- 

 Npc1
wt

-tp Ldlr
-/- 

 

Npc1
mut

-tp Ldlr
-/- 

 Npc1
wt

-tp Ldlr
-/- 

 

* 



Hematopoietic Npc1 mutation shifts gut microbiota composition in Ldlr−/− mice on a high-fat, high-

cholesterol diet. 

99 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure S3: Rarefaction plots.
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ABSTRACT 

Niemann-Pick type C1 (NPC1) disease is caused by a deleterious mutation in the Npc1 gene, 

causing lysosomal accumulation of unesterified cholesterol and sphingolipids. Consequently, 

NPC1 disease patients suffer from severe neurovisceral symptoms which, in the absence of 

effective treatments, result in premature death. NPC1 disease patients display increased 

plasma levels of cholesterol oxidation products such as those enriched in oxidized low-

density lipoprotein (oxLDL), a pro-inflammatory mediator. While it has been shown that 

inflammation precedes and exacerbates symptom severity in NPC1 disease, it is unclear 

whether oxLDL contributes to NPC1 disease progression. In this study, we investigated the 

effects of increasing anti-oxLDL IgM autoantibodies on systemic and neurological symptoms 

in an NPC1 disease mouse model. For this purpose, Npc1nih mice were immunized with 

heat-inactivated S. pneumoniae, an immunogen which elicits an IgM autoantibody-mediated 

immune response against oxLDL. Npc1nih mice injected with heat-inactivated pneumococci 

displayed an improved hepatic phenotype, including liver lipid accumulation and 

inflammation. In addition, regression of motor skills was delayed in immunized Npc1nih. In 

line with these results, brain analyses showed an improved cerebellar phenotype and 

neuroinflammation in comparison with control-treated subjects. This study highlights the 

potential of the pneumococcal immunization as a novel therapeutical approach in NPC1 

disease. Future research should investigate whether implementation of this therapy can 

improve life span and quality of life of NPC1 disease patients. 
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INTRODUCTION 

Niemann-Pick type C1 (NPC1) disease is a rare, fatal disorder caused by mutations in the 

Npc1 gene which result in the accumulation of unesterified cholesterol and 

glycosphingolipids in late endosomes/early lysosomes (1-3). The earliest clinical findings of 

NPC1 disease disease are mostly related to systemic problems in the liver (neonatal jaundice, 

liver failure (4-6)) and the spleen (splenomegaly and severe abdominal pain resulting in 

splenectomies (7) and increased sensitivity to spontaneous infections (8)). While, in most 

patients, the systemic symptoms resolve over time, some develop severe systemic problems 

resulting in premature death (4). Besides the systemic manifestation of the disease, NPC1 

disease is also characterized by severe disturbances in the central nervous system leading to 

the progressive impairment of motor and cognitive function (2). In spite of significant 

advances in the development of therapeutic interventions for NPC1 disease (9, 10), there is 

currently no curative treatment available.   

 

While lysosomal lipid accumulation is at the root of NPC1 disease, secondary pathological 

mechanisms such as oxidative stress (11), apoptosis (12) and inflammation (13, 14) have been 

shown to accompany and even contribute to NPC1 disease progression. Similarly, 

atherosclerosis and non-alcoholic steatohepatitis (NASH) also feature the aforementioned 

disease mechanisms (15, 16) and lysosomal lipid accumulation in macrophages (17). These 

observations suggest a mechanistic link between the pathological mechanisms of NPC1 

disease, atherosclerosis and NASH. Of note, increasing anti-oxLDL IgM autoantibody levels 

in the latter metabolic diseases ameliorates the macrophage-mediated inflammatory reaction 

(18-20). Relevantly, multiple research papers have described the cholesterol oxidation 

products 7-ketocholesterol and cholestane-3β, 5α, 6β-triol, two products abundantly present 

in oxLDL (21, 22), as sensitive and specific blood-based biomarkers for diagnosing NPC1 

disease (6, 23, 24). However, whether these cholesterol oxidation products contribute to NPC1 

disease progression has to our knowledge never been investigated. 

 

Given the mechanistic overlap between the pathologies of NPC1 disease and of the metabolic 

diseases atherosclerosis and NASH, the aim of the current study was to determine whether 

increasing anti-oxLDL IgM autoantibodies reduces NPC1 disease symptoms. For this 

purpose, Npc1nih mice were immunized with heat-inactivated Streptococcus pneumoniae. Npc1nih 

mice are a well-established NPC1 disease model in which a mutation in Npc1 leads to NPC1 

truncation and loss of function (25). This mouse model recapitulates some of NPC1 disease 

most prominent features, including severe lysosomal cholesterol accumulation in most 

organs and motor function deficits (26-30). Immunization of mice using inactivated S. 

pneumoniae has been established as an effective approach to increase serum titers of anti-
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oxLDL IgM autoantibodies by means of molecular mimicry (18, 31). In line with our 

hypothesis, immunized Npc1nih mice showed reduced motor function decay over time, 

decreased neuro- inflammation and degeneration, reduced inflammation in liver and spleen 

and an improvement in liver lipid metabolism. These findings provide evidence for the 

involvement of anti-oxLDL IgM autoantibodies in NPC1 disease progression and highlight 

vaccination strategies leading to the elevation of anti-oxLDL IgM titers as a promising 

therapeutic approach to reduce NPC1 disease symptoms. 
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MATERIALS AND METHODS 

Preparation of immunogen 

For immunization, the heat-inactivated R36A strain of S. pneumoniae (Birmingham, AL) was 

used, still bearing the PC headgroup epitope similar to oxLDL. Colonies of the R36A strain 

were harvested at mid-log phase after incubation at 37°C on blood agar plates and transferred 

to Todd-Hewitt plus 0.5% yeast broth. The mid-log phase is characterized by an optical 

density (OD) value of 0.425 to 0.45 at 600 nm. S. pneumoniae were heat-inactivated at 60°C for 

30 minutes; afterwards, no colonies of this suspension were detected on blood agar plates, 

thus confirming their inactivation. For freezer stocks of strain R36A, small aliquots of S. 

pneumoniae at mid-log density were harvested and suspended in Todd-Hewitt plus 80% 

sterile glycerol and stored at -80°C (32). 

 

Mice and immunization 

Npc1nih mice were housed under standard conditions and were given free access to food and 

water. A complementary experiment with age-matched wildtype mice was performed to 

confirm the phenotypical effect of the Npc1 mutation in Npc1nih mice. Experiments were 

performed according to Dutch laws and were approved by the Animal Experiment 

Committee of Maastricht University. Npc1nih mice were derived from heterozygous founders 

(C57BL/6 / Npc1nih). 

The immunization protocol started in 2-week old Npc1nih mice (male or female) fed a normal 

chow diet. Mice were divided into 2 groups (n=12 for both groups). One of the groups 

received the equivalent of 108 colony-forming units of heat-inactivated pneumococcal 

immunogen emulsified in 200 µl of sterile 0.9% NaCl for the primary subcutaneous 

immunization; subsequently, two intraperitoneal booster immunizations were administered 

every 2 weeks (31). The control group received NaCl injections. During the experiment, which 

lasted 5 weeks in total, mice were given a normal chow diet. Blood from the tail vein was 

collected at week 3 and 5. An overview of the experimental set-up is given in Fig. S1. During 

the course of the study, one control-treated Npc1nih mouse died, and was therefore excluded 

from the experimental analyses. All tissues were isolated and snap-frozen in liquid nitrogen 

and stored at -80°C or fixed in 4% formaldehyde/PBS. The collection of blood and tissue 

specimens, RNA isolation, cDNA synthesis and qPCR were determined as described 

previously (18, 33, 34). Also the measurements of the autoantibody titers against IgG and IgM 

antibodies to CuOx-LDL and PC-BSA have been described extensively (18).  

 

Lipid measurements 

Total plasma cholesterol and triglyceride levels were measured (1489232, Chol CHOD-PAP, 

Roche, Almere, the Netherlands; 337-B, TG GPO-trinder, Sigma Aldrich, Zwijndrecht, the 
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Netherlands). Measurements were done according to manufacturer’s protocols on a 

Benchmark 550 Micro-plate Reader (170-6750XTU, Bio-Rad, Veenendaal, the Netherlands). 

For organ lipid analyses, approximately 50 mg of frozen liver was homogenized for 30s at 

5000rpm in a closed tube with 5.0mm glass beads and 1.0ml SET buffer (Sucrose 250mM, 

EDTA 2mM and Tris 10mM) (35). Complete cell destruction was done by two freeze-thaw 

cycles and 3 times passing through a 27- gauge syringe needle and a final freeze-thaw cycle. 

Protein content was measured with the BCA method (23225, Pierce, Rockford, IL, USA). TG 

were measured as described above. All analyses were performed according to manufacturers’ 

instructions. 

 

Immunohistochemistry 

Frozen liver sections (7 µm) were fixed in acetone and blocked for endogenous peroxidase by 

incubation with 0.25% of 0.03% H2O2 for 5 minutes. Primary antibodies used were against 

neutrophils (rat anti-mouse Ly6C, clone NIMP-R14), hepatic macrophages (rat anti-mouse 

CD68, clone FA11) and infiltrated macrophages and neutrophils (rat anti-mouse Mac-1 

[M1/70]). 3-Amino-9-ethylcarbazole (AEC) was applied as color substrate and hematoxylin 

for nuclear counterstain. Sections were enclosed with Faramount aqueous mounting medium. 

 

Paraffin-embedded cortical and cerebellar sections (4 µm; sagitally) were deparaffinized and 

stained with hematoxylin-eosin (HE) and primary antibodies against Iba-1 and calbindin. 

Sections were subjected to heat-mediated antigen retrieval and blocking with 4% goat 

serum/PBS, after which they were incubated with rabbit anti-Iba1 overnight. The following 

day, sections were incubated with swine anti-rabbit, whose signal was amplified with the 

VECTASTAIN® Elite® ABC system and counterstained with a DAB solution. For calbindin 

immunostaining, sections’ endogenous peroxidase activity was blocked by incubating in 0.5% 

H2O2/methanol for 10 minutes. After performing heat-mediated antigen retrieval, sections 

were incubated with rabbit anti-calbindin overnight. The following day, sections were 

incubated with biotinylated goat anti-rabbit antibody, whose signal was amplified by using 

the VECTASTAIN® Elite® ABC system. 

 

Pictures were taken with a Nikon digital camera DMX1200 and ACT-1 v2.63 software (Nikon 

Instruments Europe, Amstelveen, The Netherlands).  

 

Cerebellar Purkinje cells (calbindin) were counted and scored in ten to twenty microscopical 

views (original magnification, 200x). Number of Purkinje cells was indicated as number of 

cells per pixel (Adobe Photoshop CS2 v.9.0.). Scoring was performed according to presence 

of Purkinje cells’ dendritic structure (1, defined arborization structure; 2, intermediary; 3, lack 
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of arborization structure). Purkinje cells’ number and scoring are derived from the average of 

independent observations from two blinded researchers. 

 

Cerebellar Purkinje cells’ HE histological staining was assessed in 10 microscopical views 

(original magnification, 100x) by quantifying HE staining using Fiji plugin of ImageJ software 

(v. 1.52h). 

 

Cortical microglia (Iba-1) were counted and scored in twelve microscopical views (original 

magnification, 400x) and indicated as number of cells per field. Microglia were scored 

according to their phenotype as follows: type 1 (characterized by small cell bodies and long, 

thin fillaments); type 2 (thicker and less numerous fillaments); type 3 (large cell body, no 

fillaments) (Fig. S2) (36). Microglia numbers and scoring are given as the average of 

independent analyses done by two blinded researchers. 

 

Hepatic foamy cells (HE) were assessed in five microscopical views (original magnification, 

200x) by an experienced pathologist and given a score in arbitrary units (A.U). Splenic fat 

accumulation (HE) was evaluated in three microscopical views (original magnification, 200x) 

by quantifying the percentage of positive area using Adobe Photoshop CS2 v.9.0. 

 

Hepatic neutrophils (NIMP) and infiltrated macrophages and neutrophil cells (Mac-1) were 

counted in six microscopical views (original magnification, 200x) and were indicated as 

number of cells per square millimeter (cells/mm2). Immunostainings for hepatic macrophages 

(CD68) were evaluated by an experienced pathologist and given a score in arbitrary units 

(A.U.). 

 

Genotyping 

Genotypes of animals were determined by PCR analysis of tail DNA. Tails were clipped at 

postnatal day 6 and homogenized in DirectPCR-Tail (Peqlab, Erlangen, Germany) 

supplemented with a tenth part Proteinase K (Qiagen, Hilden, Germany). Three hours of 

incubation at 56 ºC and agitation at 1000 rounds per minute on a Thermo Mixer were followed 

by 45 min of heating at 

85ºC to inactivate the proteinase. Samples were then spun at full speed in a benchtop 

centrifuge for 1 min. The PCR reactions were performed with 0.5 ml of the obtained extracts. 

Each lysate underwent two PCRs; Primers gccaagtaggcgacgact and catctactgggtctccatatgtat 

identified the wild-type allele and primers gccaagtaggcgacgact and ttccaattgtgatctttccaa 

identified the mutant allele. Both PCRs were carried out under similar cycling conditions. 
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Pole test 

The pole test was performed as previously described with minor modifications (37, 38). The 

mouse was placed head-upward on a small platform on top of a vertical rough-surfaced pole 

(diameter 10 mm; height 50 cm) and the time until the mouse descended to the floor 

(locomotor activity time: TLA) was recorded with a maximum duration of 120 s. Even if the 

mouse descended part of the way and fell the rest of the way, the behavior was scored until 

it reached to the floor. When the mouse did not turn downward and instead dropped from 

the pole, TLA was considered as 120 s because of maximal severity. The pole test was 

performed on 3 different days (day 18, 25 and 32), with 5 consecutive trials per mouse. 

 

Accelerod (accelerated rotarod) test 

Balance and motor coordination of mice was evaluated using accelerod performance on day 

21 and day 33 of the experiment. The accelerod system for mice was used under standard 

room conditions. The apparatus consisted of a base platform and a rotating rod with a 

grooved surface. Before accelerod testing, mice were trained at 2 separate days (day 17 and 

19 of the experiment). On both training days, mice underwent 3 separate training moments 

(separated 2 hours from eachother) in which they endured 3 trials with a constant speed of 18 

revolutions per minute for 120 s. When operated in the acceleration modus, the rotation 

increased from 4 to 40 revolutions per minute in 30 s steps within 5 min. The performance 

was measured as the latency to fall (s). 

 

Statistical analysis 

Data were statistically analysed by performing two-tailed nonpaired t test, two-way ANOVA 

followed by Tukey’s post-hoc correction  and repeated measures two-way ANOVA followed 

by Tukey’s post-hoc correction using GraphPad Prism version 6 for Windows. Data were 

expressed as the mean and standard error of the mean. Data were considered significantly 

different compared to control-treated Npc1nih mice, except for the analyses of rotarod and pole 

test results, in which comparisons were made between different time points among the same 

study groups. (* p ≤ 0.05; ** p < 0.01; *** p < 0.001; **** p < 0,0001). 
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RESULTS 

Npc1nih mice recapitulate NPC1 disease features and display elevated anti-oxLDL IgM 

autoantibody titers after immunization with heat-inactivated pneumococci 

To assess the effects of the Npc1nih mutation, body, spleen and liver weight were compared 

between control-treated Npc1nih mice and age-matched wildtype mice. Whereas total spleen 

weight was reduced in Npc1nih mice compared to wildtype mice, total liver weight was 

increased in Npc1nih mice (Table S1). As expected, body weight of Npc1nih mice was reduced in 

comparison with age-matched wildtype mice (Table S1), reflecting overall NPC1 disease 

burden.  To determine whether anti-oxLDL IgM autoantibodies have a protective effect in 

NPC1, two week-old Npc1nih mice were immunized with heat-inactivated pneumococci, 

known to induce high anti-oxLDL IgM titers dominated by T15-idiotypic IgM (18, 31). While 

total body weight (Fig. S3A) and total liver weight did not differ (Fig. S3B), total spleen weight 

was decreased in immunized Npc1nih mice compared to control-treated counterparts (Fig. 

S3C). As expected, immunization resulted in a strong increase in plasma anti-oxLDL antibody 

levels in Npc1nih mice (Fig. 1A, B). Only weak IgG responses were observed, which is in line 

with previous reports showing pneumococcal immunizations triggering an IgM-dominated 

thymus-independent type-2 response highly specific for phosphorylcholine (PC) (Fig. 1C, D). 

 
Figure 1: IgM autoantibodies in Npc1nih mice receiving control or heat-inactivated pneumococci injections. (A-D) IgM 

and IgG antibodies against oxLDL (CuOx and PC-BSA) were measured in the plasma of control (n = 11) and 

pneumococci-immunized (n = 12) Npc1nih mice. Data are expressed as relative light units RLU/100 ms and were triplicate 

determinations. *** Indicates p < 0.001 compared to NaCl-treated Npc1nih mice by use of two-tailed unpaired t test. n = 

11-12 mice per group. All error bars are SEM. 
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Delayed motor skill degeneration and improved neuroinflammation and cerebral 

morphology in immunized Npc1nih mice 

Motor skill degeneration is a common neurological feature of NPC1, due to the progressive 

loss of Purkinje cells. To determine the effects of the pneumococcal immunization on motor 

function of Npc1nih mice, pole and rotarod tests were performed throughout the study period. 

As expected, Npc1nih mice performance on both tests was consistently worse than their 

wildtype counterparts (Table S1), confirming NPC1 disease burden on motor function. By the 

end of the study, control-treated Npc1nih mice took significantly longer time to descend the 

pole (Fig. 2A), whereas locomotor activity time (TLA) of immunized Npc1nih mice remained 

stable over the entire experiment. Additionally, the motor function scores obtained for the 

pole test strongly correlate with the levels of plasma anti-oxLDL IgM autoantibodies, 

suggesting a link between the amount of circulating anti-oxLDL IgM autoantibodies and 

overall motor performance (Fig. S4). While the performance of both control-treated and 

immunized Npc1nih mice on the rotarod test worsened significantly over time (Fig. 2B), the 

observed performance decay was more prominent in the control-treated Npc1nih mice. These 

results indicate that motor function deterioration over time was decreased in immunized 

Npc1nih mice. 

 

Next, we investigated whether pneumococcal immunization affects Purkinje cells in Npc1nih 

mice. In line with motor skill function results, the integrity of cerebella of control-treated 

Npc1nih was severely compromised, whereas immunized Npc1nih mice retained more of their 

cerebellar structure (Fig. 2C-D; Fig. S5A). Furthermore, Purkinje cells of untreated Npc1nih 

mice displayed increased hematoxylin and eosin (HE) staining intensity, suggesting higher 

activation levels due to damage (Fig. 2E, upper panel; Fig. 2F; Fig. S5B). Overall, these results 

indicate that pneumococcal immunization delays cerebellar neurodegeneration in Npc1nih 

mice. In addition to severe cerebellar neurodegeneration, cortical immune cells were 

observed in control-treated Npc1nih mice, in contrast with immunized Npc1nih mice, suggesting 

higher levels of neuroinflammation in the control-treated group (Fig. 2E, lower panel; Fig. 

S5B). 

 

We further analysed the effects of pneumococcal immunization on neuroinflammation by 

examining microglial cells using immunohistochemical staining for Iba-1 (Fig. 2G). While no 

differences were observed in total number of microglia (Fig. 2H), microglia of immunized 

Npc1nih mice exhibited larger cell bodies and shorter, less ramified processes, suggesting a 

change in microglia phenotype following pneumococcal immunization (Fig. 2I). 

 

Finally, we analysed cerebral and cerebellar gene expression analysis of the inflammatory 

markers C-X-C motif chemokine 10 (Cxcl10), chemokine (C-C motif) ligand 3 (Ccl3) and 
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cluster of differentiation 68 (Cd68). Immunization of Npc1nih mice reduced expression of all 

inflammatory markers in the cerebrum, with the exception of Ccl3, in which a trend 

suggesting decreased expression was observed (Fig. 2J). In addition, while expression of 

Cxcl10 and Cd68 in the cerebellum tended to be decreased, expression of Ccl3 was reduced in 

the cerebellum of immunized Npc1nih mice (Fig. 2K). Furthermore, gene expression of 

cathepsin D (Ctsd), a marker previously linked to NPC1 severity in mice (39, 40), and Npc2, 

which is known to bind to cholesterol in the lysosome, were reduced in the cerebrum of 

Npc1nih mice that received the immunization, indicating an improved neurological phenotype 

after immunization. Notably, cerebral and cerebellar expression of several of these markers 

correlated with the plasma anti-oxLDL IgM autoantibody levels (Fig. S4), underlining the link 

between the neurological phenotype and anti-oxLDL IgM autoantibody levels. Altogether, 

these results indicate beneficial effects of immunization with heat-inactivated pneumococci 

on the neurological phenotype of Npc1nih mice. 

 

Decreased hepatic and splenic lipid levels in immunized Npc1nih mice 

To determine whether immunizing Npc1nih mice with heat-inactivated pneumococci 

influences hepatic lipid levels, biochemical assessment of hepatic cholesterol and triglycerides 

was performed. Npc1nih mice showed an increase in plasma and liver cholesterol levels 

compared to age matched wildtype mice (Table S1). Seven week-old Npc1nih mice that received 

the immunization demonstrated reduced levels of hepatic total cholesterol (Fig. 3A) and 

triglycerides (Fig. 3B) compared to control-treated Npc1nih mice, though the latter only showed 

a trend. In line, HE-staining of the liver confirmed the decrease of lipid levels in hepatocytes 

and the reduced foamy appearance of hepatic macrophages in immunized Npc1nih mice (Fig. 

3C-D). Relevantly, hepatic gene expression levels of acetyl-CoA acetyltransferase 2 (Acat2), 

the enzyme responsible for cholesterol esterification, were elevated in immunized Npc1nih 

mice, suggesting increased cholesterol esterification upon immunization (Fig. 3E). In contrast, 

no differences were observed in plasma lipid levels between control-treated and immunized 

Npc1nih mice (Fig. 3F-G). To obtain a more detailed view on hepatic lipid distribution, electron 

microscopy analysis was performed (Fig. 3H). Though both control and immunized Npc1nih 

mice showed the NPC1 characteristics of hepatic lipid inclusions (blue circles) and vacuoles 

with electron-dense material (asterisk), immunized Npc1nih mice demonstrated a less foamy 

appearance of hepatic macrophages (arrow). In contrast with these observations, no 

differences were observed in lipid accumulation in the spleen of immunized Npc1nih mice and 

control-treated Npc1nih mice (Fig. 3I-J). Overall, these results suggest improved hepatic lipid 

metabolism after increasing anti-oxLDL IgM autoantibody levels in Npc1nih mice. 
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Figure 2: Neurological parameters. (A) Locomotor activity time (TLA) of control and immunized Npc1nih mice as 

measured by the pole test at day 18, 25 and 32 of the experiment. (B) Rotarod performance of control and immunized 

Npc1nih mice at day 19 and 33 of the experiment. (C, D) Representative pictures and scoring of calbindin staining of 

Purkinje cells in cerebellum. (E) General histology of the brain by HE staining. Arrows indicate Purkinje cells (top panels) 

and immune cells (bottom left panel). (F)  Quantification of Purkinje HE staining density. (G-I) Representative pictures, 

quantification and scoring of Iba-1 staining of cortical microglia (type 1, type 2 and type 3). (J-K) Gene expression analysis 

of Cxcl10, Ccl3, Cd68, Npc2 and Ctsd in cerebrum and cerebellum. Data are shown relative to NaCl-treated Npc1nih mice 
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for all analyses except for pole test and rotarod data, where comparisons were made between different time points 

within the same experimental group. * Indicates p < 0.05, ** p < 0.01 and *** p < 0.001 by use of two-tailed unpaired t test or 

repeated measures two-way ANOVA with Tukey’s post-hoc correction (in pole test and rotarod data analysis only). n=11-

12 mice per group for pole and rotarod tests and n= 5 mice per group for gene expression data. All error bars are SEM.  

 

Improved hepatosplenic phenotype in immunized Npc1nih mice 

To determine whether immunization of Npc1nih mice affects hepatic inflammation, hepatic 

cryosections were stained for the inflammatory cell markers NIMP (neutrophils), CD68 

(resident macrophages) and Mac-1 (infiltrated macrophages and neutrophils). The number of 

infiltrated neutrophils and macrophages in control-treated Npc1nih mice was increased 

compared to wildtype mice, confirming increased hepatic inflammation in Npc1nih mice (Table 

S1). Following pneumococcal immunization, the number of neutrophils and resident 

macrophages were reduced Npc1nih mice (Fig. 4A-B and D). Although the number of 

infiltrated neutrophils and macrophages (Fig. 4C) and HE-scoring of hepatic inflammation 

(Fig. 3C and Fig. S6) did not reach statistical significance between study groups, a trend 

towards reduction of these parameters following immunization was observed. To confirm 

these histological findings, hepatic gene expression analysis was performed on the 

inflammatory markers tumor necrosis factor alpha (Tnfα), chemokine (C-C motif) ligand 2 

(Ccl2), macrophage inflammatory protein 2 (Mip2). Tnfα and Ccl2 expression levels were 

significantly reduced in immunized Npc1nih mice compared to non-immunized Npc1nih mice 

(Fig. 4E). The expression of Mip2 and Ctsd, a marker for disease severity, showed no difference 

between control-treated and immunized Npc1nih mice, although a trend suggesting reduced 

expression following immunization was observed (Fig. 4E). As increased hepatic apoptosis is 

linked to inflammation and damage of the liver (41), hepatic apoptosis was also assessed. The 

amount of apoptotic cells, as quantified by HE-staining, was reduced upon immunization 

(Fig. 4F), indicating an improvement of the NPC1 disease phenotype in the liver after 

pneumococcal immunization. Additionally, similar results were observed in the spleen, 

showing reduced expression of inflammatory markers, although in the case of Tnfα, only a 

trend was observed (Fig. 5A). Finally, hepatosplenic expression of most of these markers 

correlated with the plasma anti-oxLDL IgM autoantibody levels (Fig. S4), underlining the link 

between the systemic improvements and the anti-oxLDL IgM autoantibody levels. 

Altogether, these findings indicate an improved hepatosplenic phenotype in Npc1nih mice that 

received the heat-inactivated pneumococci immunization, supporting its potential as 

treatment for NPC1 disease. 
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Figure 3: Parameters of lipid metabolism. (A, B) Hepatic total cholesterol and total triglyceride levels of control and 

immunized Npc1nih mice (n=11 in both experimental groups). (C, D) Scoring and representative pictures of hepatic HE-

staining (200x magnification). (E) Hepatic gene expression analysis of Acat2. Data is shown relative to NaCl-treated 

Npc1nih mice. (F, G) Plasma total cholesterol and total triglyceride levels of seven week-old control and immunized Npc1nih 

mice. (H) Electron microscopy of livers of control and immunized Npc1nih mice. Arrows indicate a hepatic macrophage; 

blue circles indicate lipid inclusions and asterisks indicate vacuoles with electron-dense material. (I, J) Representative 
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pictures and quantification of HE staining of the spleen (100x magnification). * Indicates p < 0.05 and ** p < 0.01 compared 

to NaCl-treated Npc1nih mice by use of two-tailed unpaired t test. n=11-12 mice per group. All error bars are SEM. 

 

 
Figure 4: Hepatic parameters. (A-D) Liver sections were stained for neutrophils (NIMP), hepatic macrophages (CD68) 

and infiltrated macrophages and neutrophils (Mac-1). NIMP and Mac-1 positive cells were counted, whereas the CD68 

stainings were scored. Panel D shows representative images of the NIMP staining. (E) Hepatic gene expression analysis 

of inflammatory markers Ccl2, Tnfα and Mip2. Data are shown relative to NaCl-treated Npc1nih mice. (F) Quantification 

of hepatic apoptosis, assessed by scoring of HE-staining of the liver. * Indicates p < 0.05 compared to NaCl-treated Npc1nih 

mice by use of two-tailed unpaired t test. n=11-12 mice per group. All error bars are SEM. 

 

Figure 5: Parameters of spleen inflammation. (A) Hepatic gene expression analysis of Tnfα, Cd68, IL-6 and Ctsd. Data 

are shown relative to NaCl-treated Npc1nih mice. * Indicates p < 0.05 and ** p < 0.01 compared to NaCl-treated Npc1nih 

mice by use of two-tailed unpaired t test. n=11-12 mice per group. All error bars are SEM.  

 5 



Chapter 5   

116 

DISCUSSION 

Due to severity of symptoms, delayed diagnosis and restricted therapeutical options, NPC1 

disease patients suffer from a gradual impairment in quality of life and premature death. 

NPC1 disease commonly manifests through systemic symptoms, such as liver and spleen 

dysfunction, which precede neurological symptoms (epilepsy, movement disorder, 

dementia, among others). In this study, we show that heat-inactivated pneumococci 

immunization improves both systemic and neurological symptoms, including motor 

function, neurodegeneration, neuro- and systemic inflammation in a mouse model of NPC1 

disease. In light of these promising results, we propose pneumococcal immunization as a 

novel therapeutic tool to ameliorate NPC1 disease severity, potentially in combination with 

treatments such as Miglustat and cyclodextrin (9, 42). 

 

Although the role of oxLDL in neurodegenerative diseases has not been extensively 

investigated, oxLDL is involved in the pathogenesis of NASH and atherosclerosis, two 

diseases that share pathological mechanisms with NPC1 disease (19, 20, 43-46). Currently, 

there is no definite consensus on the benefits of targeting oxLDL by increasing anti-oxLDL 

antibodies in atherosclerosis, as some studies suggest that this approach increases 

inflammation and exacerbates disease severity (47-49). However, it should be noted that, in 

these studies, no distinction was made between classes and idiotypes of anti-oxLDL 

antibodies. Although a study from Smook et al (50) found no correlation between anti-oxLDL 

IgM autoantibody levels and advanced atherosclerotic lesion formation, this study could not 

establish whether anti-oxLDL IgM antibodies are anti or pro-atherogenic, and several other 

in vivo reports have found increased anti-oxLDL IgM antibody levels to be beneficial (51, 52). 

Thus, it is likely that the reported pathogenic effects of anti-oxLDL antibodies are due to the 

production of anti-oxLDL IgG, rather than IgM, antibodies. In atherosclerosis and NASH, 

pneumococcal immunization has been shown to ameliorate inflammation and disease 

severity (18, 20, 31), suggesting that this treatment may be beneficial to the systemic 

components of NPC1 . 

 

Although no effects were observed on splenic lipid accumulation following pneumococcal 

immunization, expression of several inflammatory genes was improved in the spleen of 

immunized Npc1nih mice. Of note, in this study, we observed reduced spleen weight in 

control-treated Npc1nih mice compared to wildtype mice instead of characteristic 

splenomegaly of NPC1 disease, indicating that this model does not recapitulate the spleen 

NPC1 disease phenotype. In contrast to spleen observations, liver weight and cholesterol 

accumulation, as well as hepatic inflammation were increased in control-treated Npc1nih mice 

compared to wildtype counterparts. Following pneumococcal immunization, liver apoptosis, 
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hepatosplenic inflammation and hepatic cholesterol accumulation were decreased in 

immunized Npc1nih mice, although the latter effects were of low magnitude. In addition to 

targeting oxLDL, immunization with heat-inactivated pneumococci is also known to improve 

clearance of apoptotic cells, due to molecular mimicry between apoptotic cells and S. 

pneumoniae  (31). Indeed, after immunization, Npc1nih mice displayed lower levels of apoptotic 

liver cells. Therefore, the beneficial effects of heat-inactivated pneumococci immunization in 

our study can partly derive from increased clearance of apoptotic cells. 

 

As expected, control-treated Npc1nih mice showed motor function deficits as assessed by the 

pole and rotarod tests, confirming neurological impairments in these mice compared to 

wildtype mice. In this study, unlike control-treated Npc1nih mice, the performance of 

immunized Npc1nih mice on the pole test remained unchanged over time. Additionally, 

immunized Npc1nih mice displayed less prominent decay on rotarod test performance 

compared to their control-treated counterparts. It should be noted that, unlike the beam 

walking or the catwalk test, several neuronal circuits are involved in pole and rotarod test 

performance (53). As such, we are unable to pinpoint the specific skills that were improved 

by pneumococcal immunization. Nonetheless, our results indicate an overall improvement in 

motor function decay following pneumococcal immunization in Npc1nih mice, in line with 

observed reduction in neuroinflammation and cerebellar damage.  

 

The mechanisms leading to improved neurological features in Npc1nih mice following 

pneumococcal immunization are unclear. IgM antibodies are large molecules and are thus 

usually precluded from the nervous system due to the blood brain barrier (BBB). As such, 

whether peripheral immunization strategies can be effective in the nervous system is a 

controversial matter. Nonetheless, peripheral immunization in Alzheimer’s disease and 

amyotrophic lateral sclerosis has been shown to elicit beneficial effects in the nervous system 

with as little as 0.1% antibody passage through the BBB (54, 55). Furthermore, it has been 

proposed that antibodies in the nervous system facilitate the corresponding ligand efflux to 

the periphery, thus contributing to its clearance (55). As such, it is possible that the 

neurological improvements observed in this study derive from anti-oxLDL IgM 

autoantibody-mediated oxLDL clearance to the periphery and/or prevention of oxLDL 

uptake by microglia scavenger receptors, as has been proposed for macrophages (56, 57). On 

the other hand, live S. pneumoniae can cross the BBB due to certain membrane-surface proteins 

(58) that may be retained after heat-inactivating the bacteria. Although more thorough 

analyses are required to derive conclusions regarding microglia activation state, following 

pneumococcal immunization we observed a shift in microglia morphology that is commonly 

associated with a phenotypical change in these cells (59). While we are unable to pinpoint 

whether this is a response to interaction of microglia with anti-oxLDL IgM autoantibodies, 
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complement activation or heat-inactivated pneumococci recognition, the latter option is 

unlikely, as  previous reports suggest that heat-inactivated S. pneumoniae are non-

immunogenic in the nervous system (60). Of note, in vitro and in vivo studies have shown that 

endothelial cells in the BBB are susceptible to oxLDL-induced cytotoxicity (61-63). Therefore, 

it is possible that high levels of plasma oxidized cholesterol products and oxLDL in NPC1 

disease increase BBB permeability and exacerbate neurological symptoms, a concept that has 

previously been proposed in Alzheimer’s disease (63). In support of these observations, the 

observed immune cells in the cortex of untreated Npc1nih mice may result from a compromised 

BBB integrity.  As such, improved neurologic symptoms following immunization in NPC1 

disease could further derive from an improved BBB phenotype and function.  

 

Persistent systemic- and neuroinflammation are well-described characteristics of NPC1 

disease. While, under physiological conditions, inflammatory processes encourage the 

clearance of toxic compounds and the repair of injured tissues, the inability to overcome a 

pathological stimulus causes the persistent inflammatory response to become detrimental. 

Therefore, reducing inflammation and its associated pathological burden might be a 

promising approach to reduce NPC1 disease severity. In line with this view, administering 

non-steroidal anti-inflammatory drugs (NSAID) has been shown to improve motor function, 

body weight and even survival in a mouse model for NPC1 disease (64). Based on these 

findings, one can speculate on the direct role of inflammation in NPC1 disease severity and 

progression, despite it not being the primary cause of the disease. Similarly, though also 

initially not acknowledged as an essential disease component, inflammation is now accepted 

as a key component in disorders such as atherosclerosis (65) and Alzheimer’s disease (66). 

Therefore, the role of inflammation in NPC1 disease and its usefulness as a therapeutical 

target should be further investigated.  

 

Currently, therapeutic interventions for NPC1 disease focus on symptom management, and 

no curative treatments are available (67). As several mechanisms downstream of lysosomal 

lipid accumulation contribute to NPC1 disease pathology, interventions targeting different 

key features of NPC1 disease are likely to have increased benefits compared to mono-

therapeutic startegies. In line with this rationale, in vitro and in vivo studies have analysed the 

effects of combining therapies to improve cellular lipid accumulation, oxidative stress, 

inflammation and intracellular calcium homeostasis (64, 68). Overall, such studies found that 

combined therapies outperform the use of single compounds, highlighting the benefits of 

tackling different pathological mechanisms in NPC1 disease. For instance, the effects of 

improved cellular lipid accumulation, considered to be at the root of NPC1 disease pathology, 

are amplified when combined with anti-inflammatory and antioxidant compounds (68). As 

such, the investigation of pneumococcal immunization in combination with direct lysosomal 
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lipid mobilizers (i.e. cyclodextrin) may be an attractive future approach for NPC1 disease 

patients.  

 

Despite the promising features of pneumococcal vaccination, some points should be 

addressed before it can be used as a treatment for NPC1 disease. Although the impact of 

spleen damage on the immune system of NPC1 disease patients has yet to be analysed, it is 

likely that the latter is compromised to some extent, which may in turn decrease the efficacy 

of immunotherapy. Furthermore, it was not yet assessed whether pneumococcal 

immunization is efficient in the context of NPC1 disease not just as a treatment but also as a 

preventive tool. In addition, in this study, Npc1nih mice received two booster pneumococci 

immunizations, whereas pneumococcal vaccination in humans is usually performed once 

every several years, which may not be enough for therapeutically relevant oxLDL clearance 

(69). Nevertheless, it is worth taking into consideration that one of the most common 

manifestations of NPC1 is dysphagia, whose complications range from malnutrition to lung 

infections, mainly, bronchopneumonia (70-73). The fact that bronchopneumonia is a major 

cause of death in NPC1 disease patients is therefore another compelling argument for using 

pneumococcal immunization in these patients. The use of pneumococcal vaccinations against 

pneumonia is widespread (74-78). Furthermore, due to its long practice in the clinic, many 

optimizations of the vaccine have taken place, guaranteeing its safety even in vulnerable 

individuals such as pregnant women, young children and the elderly (75-77).  It should be 

noted that different S. pneumoniae strains, as well as other bacteria, possess the 

phosphorylcholine epitope that triggers the production of anti-oxLDL IgM autoantibodies by 

means of molecular mimicry (31, 79). Nevertheless, it was so far not investigated whether 

immunization using these bacteria also elicits beneficial effects on lipid metabolism and 

inflammation. Furthermore, in this study, some of the phenotypical improvements, although 

statistically significant, were of low magnitude (i.e. hepatic cholesterol accumulation). 

Whether these effects can be enhanced by combining pneumococcal immunization with other 

NPC1 disease treatments or by using different immunogens should be explored in the future. 

Overall, considering the promising results in this study, further research is warranted to fully 

assess the most efficient way to modulate anti-oxLDL immune responses via pneumococcal 

vaccination in NPC1 disease patients. 

 

Final remarks 

For the first time, we demonstrate that increasing anti-oxLDL IgM autoantibodies ameliorates 

motor function decay, neuro- and hepatic inflammation, as well as hepatic cholesterol 

metabolism in NPC1 disease. In light of the present findings, we propose pneumococcal 

immunization, potentially in combination with other available treatments, as a novel 

therapeutic tool for NPC1 disease.   
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SUPPLEMENTARY MATERIALS 

 

 

Supplementary figure S1: Overview of experimental set-up. 

 

Supplementary figure S2: Representative pictures of microglia phenotype scoring (400x). 
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Supplementary figure S3: General parameters. (S3A) Weight of Npc1nih mice throughout study. (S3B –S3C) Absolute 

liver and spleen weight. 
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Supplementary figure S4: Correlations between IgM antibody levels and gene expression levels of markers in the brain, 

liver and spleen. 
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Supplementary figure S5: Representative pictures and scoring of calbindin staining of Purkinje cells in cerebellum 

(400x) (S5A). General histology of the brain by HE staining: Purkinje cells (top panel, 400x) and immune cell (bottom left 

panel, 200x) (S5B).  

 

Supplementary figure S6: Liver HE inflammation scoring. 
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Supplementary Table S1: Parameters of 7 week-old wildtype and control-treated Npc1nih 

mice 

 

p value compares wildtype to Npc1nih mice by use of two-tailed unpaired t test. Standards of 

error represent ± SEM. 

 

 Wt Npc1nih p value 

Body parameters    

Body weight 17.68 ± 0.56 13.69 ± 0.51  <0.0001 

Liver weight 0.93 ± 0.04 1.20 ± 0.06 0.002 

Spleen weight 0.17 ± 0.01 0.08 ± 0.01 <0.0001 

Motor function    

Pole test    

t1 5.60 ± 0.36 9.28 ± 0.56 <0.0001 

t2 5.89 ± 0.75 8.91 ± 0.53 0.003 

t3 7.18 ± 0.76 13.96 ± 2.38 0.02 

Rotarod    

t1 267.60 ± 10.83 231.0 ± 9.25 0.02 

t2 245.7 ± 15.59 180.9 ± 10.94 0.003 

Histology    

Infiltrating macrophages and 

neutrophils (Mac1)                       (# 

positive cells/mm2) 

29.74 ± 4.67 51.56 ± 5.64 0.01 

Cholesterol parameters    

Plasma cholesterol (mM) 

Liver cholesterol 

(mg total cholesterol/mg protein) 

2.52 ± 0.11 

0.006 ± 0.0003 

2.96 ± 0.12 

0.025 ± 0.0007 

0.02 

<0.0001 
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ABSTRACT 

As a mediator between lipid metabolism dysfunction, oxidative stress and inflammation, 

oxidized low-density lipoprotein (oxLDL) is a promising therapeutical target in a wide range 

of metabolic diseases. In mice, pneumococcal immunization increases anti-phosphorylcholine 

and oxLDL antibody levels, and reduces atherosclerosis, non-alcoholic steatohepatitis and 

Niemann–Pick disease burden. These findings suggest that pneumococcal vaccination may 

be a useful preventive and therapeutical strategy in metabolic disease patients. In this pilot 

clinical trial, our aim was to determine whether the administration of a pneumococcal vaccine 

increases anti-phosphorylcholine and anti-oxLDL antibody levels in metabolic disease 

patients. The following patients were enrolled: four patients with familial partial 

lipodystrophy (all women, mean age 32 years old); three familial hypercholesterolemia 

patients (one girl, two boys; mean age 13 years); and two Niemann–Pick type B (NP-B) 

patients (two men, mean age 37.5 years old). Participants received one active dose of a 13-

valent conjugated pneumococcal vaccine (Prevenar 13) and were followed-up for four weeks. 

Four weeks after Prevenar 13 vaccination, no differences were observed in patients’ levels of 

anti-oxLDL IgM or IgG antibodies. In addition, we observed a reduction in anti-

phosphorylcholine (anti-PC) IgM antibody levels, whereas no differences were observed in 

anti-PC IgG antibody titers. These findings indicate that Prevenar 13 vaccination does not 

induce an immune response against oxLDL in patients with metabolic diseases. Therefore, 

Prevenar 13 is not suited to target the metabolic disruptor and pro-inflammatory mediator 

oxLDL in patients.  
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INTRODUCTION 

Lipids perform extensive biological functions, including the modulation of cell membrane 

composition, acting as signaling molecules and contributing to the production and storage of 

energy. As such, lipid metabolism is a complex and tightly regulated whole-body process, 

and dysfunctions in lipid metabolism can lead to dire consequences for the organism. The 

importance of a properly functioning lipid metabolism is illustrated by the disease burden 

tied to the wide array of known acquired and inherited lipid metabolic diseases. Currently, 

widespread lifestyle habits, such as unhealthy diets and low physical activity, are major 

propellers of dyslipidemia and metabolic syndrome (1). In addition, a considerable number 

of individuals are genetically predisposed to develop metabolic dysfunction, including 

familial hypercholesterolemia (FH), lipodystrophy (LPD) and Niemann–Pick (NP) disease 

patients. Regardless of the underlying etiology, patients with lipid metabolic dysfunctions 

are at high risk of developing non-communicable diseases such as type 2 diabetes, 

cardiovascular and liver disease and cancer, which are estimated to account for nearly 70% of 

premature deaths worldwide (2). As such, the development of preventive and therapeutic 

strategies targeting disorders of lipid metabolism and associated disease burden is of utmost 

importance for patients, clinicians and societies alike. 

 

Among other factors, an increase in the production of oxidized low-density lipoprotein 

(oxLDL) has emerged as an important metabolic disruptor and pro-inflammatory mediator 

in metabolic diseases and associated non-communicable diseases. OxLDL is broadly 

categorized as minimally or extensively modified LDL, and a wide range of oxLDL particles 

have been observed, varying both in chemical structure and biological effects (3). Unlike 

native LDL, oxLDL binds to scavenger receptors, toll-like receptors and LOX-1 receptors, 

triggering cytotoxic, pro-inflammatory and apoptotic pathways in the cells (3, 4). Although 

oxLDL has mostly been studied in the context of atherosclerosis and cardiovascular disease, 

an increasing body of evidence points towards the involvement of oxLDL in metabolic 

syndrome, type 2 diabetes and cancer (5, 6). Altogether, these studies indicate that oxLDL is 

a link between metabolic dysfunction, oxidative stress and inflammation, and is thus a 

promising therapeutic target for patients with acquired and inherited lipid metabolic 

disturbances. 

 

Previously, studies have shown that cardiovascular disease patients with higher anti-oxLDL 

IgM antibody levels have a reduced atherosclerotic burden and a better prognosis, suggesting 

that anti-oxLDL antibodies have protective characteristics in atherosclerosis (7-9). Notably, 

antibodies targeting oxidized lipids and associated products, such as those present in oxLDL, 

are naturally produced from birth in mice and humans alike, even before the immune system 
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encounters such threats (10). These so-called “natural autoantibodies” consist of IgM 

antibodies that mainly bind to malondialdehyde (MDA) and to phosphorylcholine (PC), a 

head group commonly present in phospholipids. Whereas in healthy cells and native LDL the 

PC moiety of phospholipids is unavailable for recognition by the immune system, PC 

becomes exposed and available for antibody binding in oxidized lipids and apoptotic cells 

(11). In addition, PC epitopes are found in Streptococcus pneumoniae, a bacterium well 

known for inducing respiratory and brain disease. As such, anti-PC IgM autoantibodies 

protect the host against oxidized self-antigens and foreign S. pneumoniae alike, thus acting 

as a primary line of defense against such pathogenic agents. Conversely, studies have shown 

that heat-inactivated S. pneumoniae immunization increases anti-oxLDL antibody levels and 

reduces disease progression and burden in animal models for atherosclerosis, non-alcoholic 

steatohepatitis and Niemann–Pick type C1 disease (11-14). While the aforementioned diseases 

differ in etiology and affected tissues and organs, all are characterized by metabolic 

dysfunction, lysosomal cholesterol accumulation, oxidative stress and inflammation, 

indicating that anti-oxLDL antibodies may have a broad therapeutic application and may 

serve as a useful therapeutic strategy in a wide array of metabolic diseases. 

 

In the current pilot study, our aim was to assess whether a pneumococcal vaccine increases 

anti-oxLDL and anti-PC IgM and/or IgG antibody levels in patients with inherited metabolic 

diseases. Patients with the following metabolic diseases were eligible for this study: familial 

partial LPD (OMIM entry # 151660), FH (OMIM entry #143890) and NP type B and C (NPB 

and NPC, OMIM entries #607616, and #257220 and #607625, respectively). Ultimately, four 

LPD, three FH and two NPB patients participated in this study. LPD is a rare genetic disease 

which results in abnormal adipose tissue distribution, predisposing patients to develop 

metabolic syndrome, type 2 diabetes mellitus, and cardiovascular and liver disease. On the 

other hand, FH patients possess genetic mutations that interfere with cellular uptake of LDL, 

leading to high blood LDL levels from childhood that put FH patients at risk of developing 

metabolic syndrome and metabolic syndrome associated diseases. Finally, NPB patients are 

characterized by deficits in sphingomyelinase activity which lead to lysosomal accumulation 

of sphingomyelin, cumulating in hepatosplenomegaly and lung disease. In order to 

determine whether pneumococcal vaccination increases anti-oxLDL and anti-PC IgM and IgG 

antibodies, patients received one active dose of Prevenar 13, a pneumococcal conjugate 

vaccine routinely used in the clinic. Plasma antibody levels were measured before and four 

weeks after vaccination. This study’s findings indicate that administration of a single dose of 

Prevenar 13 does not increase antibody levels against PC or oxLDL in metabolic patients. 

While studies with larger, more homogenous populations are required to confirm these 

findings, our study suggests that alternative therapeutical strategies are needed in order to 

target oxLDL in human patients.  
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MATERIALS AND METHODS 

Patient Recruitment and Inclusion 

Participants were recruited at the outpatient clinic for metabolic diseases at Ziekenhuis Oost-

Limburg (Genk, Belgium). Data were collected between April 2018 and March 2019. Patients 

with NPB and NPC disease, FH and familial partial LPD were eligible to participate in the 

study. Furthermore, in order to participate in the study (1) patients had to be older than 10 

years of age; (2) patients must not present any health conditions that might interfere with the 

study procedures, including autoimmune diseases, immune deficiency, Hodgkin lymphoma 

and splenectomy syndrome; (3) patients must not consume alcohol in excess (>20 g/day for 

men and >10 g/day for women); and (4) patients must not be illiterate.  

 

Eligible patients were informed about the study and invited to participate during regular 

appointments with their clinician. All study participants, or their legal guardians in the case 

of underage participants, signed an informed consent prior to the start of the study. The study 

was approved by the Ethics Committee at Leuven University and was registered under the 

EU Clinical Trials Register (EudraCT 2015-004846-25) and in the NIH clinical trials database 

(clinicaltrial.gov, study identifier NCT02707211).  

 

Study Procedure and Outcomes 

Patients were randomly assigned identification codes during each visit, so that posterior 

sample analysis was blindly performed. On the first visit, fasted venous blood samples were 

taken, followed by a vaccination with the maximum recommended one-time dose of 0.5 mL 

of Prevenar 13 (Pfizer). The last visit took place after four weeks, during which blood samples 

were once again taken. During each visit, 20 mL of blood was taken via intravenous injection 

from each patient and stored in EDTA-coated tubes. Blood samples were kept in ice-filled 

insulated containers until they reached Maastricht University (Maastricht, the Netherlands) 

on the same day. At Maastricht University, blood samples were spun at 2700 g for 10 min at 

room temperature, and the resulting plasma was aliquoted and stored at −80 °C for posterior 

analysis. The planned outcome of this pilot study was to assess changes in lipid metabolism 

and inflammation following Prevenar 13 vaccination and subsequent increase in anti-

oxLDL/PC antibody levels. Since we did not observe an increase in anti-oxLDL IgM antibody 

levels, our new goal was to assess anti-oxLDL and anti-PC antibody titers before, and four 

weeks after Prevenar 13 vaccination. 

 

Antibody Measurements 

Plasma levels of IgG and IgM antibodies against Prevenar, oxLDL (copper oxidized moiety) 

and PC-BSA were measured via chemiluminescent ELISA as previously described (15).  
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Statistical Analysis 

Since some of the diseases included in this study are very rare (namely, LPD and Niemann–

Pick type B (NP-B)) and this was a pilot clinical study, no power calculations were performed 

to calculate sample size prior to the beginning of the study. Primary study outcomes, namely, 

anti-oxLDL and anti-PC IgM and IgG antibody levels before and after Prevenar 13 

vaccination, were measured via two-tailed paired t-test (* p ≤ 0.05; ** p < 0.01; *** p < 0.001; 

**** p < 0.0001). All data are expressed as the group mean ± standard deviation of the mean. 

Data were statistically analyzed using GraphPad Prism software (version 6, GraphPad 

Software Inc., San Diego, CA, USA).  
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RESULTS 

Patient Population and Study Outcomes 

Between 2017 and 2020, seventeen metabolic disease patients were approached to participate 

in this study, out of which nine were included (Figure 1). The final study population consisted 

of four familial partial LPD patients, three FH patients and two NPB patients. An overview 

of the study population is presented in Table 1. 

 

 
Figure 1. Study design. 

 

Table 1. Characteristics of study population. 

Disease Sex Age 

Familial partial lipodystrophy 

Female 28 

Female 38 

Female 37 

Female 38 

Familial hypercholesterolemia 

Male 15 

Female 11 

Male 13 

Niemann–Pick type B 
Male 36 

Male 38 
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Prevenar 13 Vaccination Induced an Increase in Prevenar-Specific IgM and IgG Antibodies 

In order to confirm that Prevenar 13 vaccination induced an immune response in patients, 

Prevenar 13-specific plasma IgM and IgG antibody levels were measured. Four weeks after 

vaccination, patients displayed increased anti-Prevenar 13 IgM and IgG antibody titers, 

proving that the vaccine induced an appropriate immune response (Figure 2A,B). To explore 

potential disease-specific differences within our study population, we further analyzed 

Prevenar-specific antibody levels among LPD, FH and NPB patients. In LPD patients, 

Prevenar 13 vaccination induced an increase in anti-Prevenar IgM and IgG antibodies (Figure 

2C,D). Likewise, Prevenar 13 vaccination increased Prevenar-specific antibody levels in FH 

patients. Furthermore, we observed an increase in Prevenar-specific IgG antibody levels in 

FH patients, although this did not reach statistical significance (Figure 2E,F). While we could 

not perform statistical analysis on the data from NPB patients (n = 2), both anti-Prevenar IgM 

and IgG antibodies levels tended to increase following vaccination (Figure 2G,H). A complete 

overview of the descriptive statistical analyses is depicted in Table S1. Overall, these findings 

indicate that Prevenar 13 vaccination successfully elicited an immune response. 

 

Prevenar 13 Vaccination Does Not Increase OxLDL or PC-Specific Antibody Titers 

To determine whether Prevenar 13 vaccination induces an immune response against oxLDL, 

IgM and IgG antibody titers against oxLDL (copper oxidized moiety) were measured. No 

differences were observed in anti-oxLDL IgM and IgG antibody levels in either the overall 

patient population or the patient subgroups four weeks after Prevenar 13 vaccination (Figure 

3A–H; Table S1), suggesting that the Prevenar 13 vaccine does not elicit an immune response 

against oxLDL in these groups. Finally, due to molecular mimicry between PC-moiety of S. 

pneumoniae and oxLDL, we analyzed the effect of Prevenar 13 vaccination on PC-specific 

IgM and IgG levels. Surprisingly, four weeks after receiving a single dose of Prevenar 13, we 

observed a reduction in anti-PC IgM antibody levels in all patients (Figure 4A). In contrast, 

no differences were observed in PC-specific IgG antibody levels in patients following 

Prevenar vaccination (Figure 4B). In LPD patients, Prevenar 13 vaccination tended to reduce 

anti-PC IgM antibody titers, although this effect did not reach statistical significance; no 

differences were observed in LPD patients following Prevenar 13 vaccination regarding anti-

PC IgG antibody levels (Figure 4C,D). Regarding FH and NPB patients, Prevenar 13 did not 

elicit measurable changes in anti-PC IgM and IgG antibody levels (Figure 4E–H). More details 

on the statistical analysis are presented in Table S1.  
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Figure 2. Prevenar-specific antibody titers. (A,B) Anti-Prevenar IgM and IgG antibody levels in all patients. (C,D) Anti-

Prevenar IgM and IgG antibody levels in LPD patients. (E,F) Anti-Prevenar IgM and IgG antibody levels in FH patients. 

(G,H) Anti-Prevenar IgM and IgG antibody levels in NPB patients. * Indicates p < 0.05. All error bars represent SD. 
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Figure 3. Oxidized low-density lipoprotein (OxLDL)-specific antibody titers (A–H). All error bars represent SD. 
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Figure 4. Phosphorylcholine (PC)-specific antibody titers (A–H). * Indicates p < 0.05. All error bars represent SD. 
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DISCUSSION 

In the current study, we analyzed whether a pneumococcal conjugate vaccine also elicits an 

immune response against oxLDL and/or PC in human metabolic disease patients. While 

patients displayed an appropriate IgM- and IgG-mediated immune response against the 

Prevenar 13 vaccine, Prevenar 13 vaccination did not increase antibody levels against oxLDL 

or PC in patients. These findings suggest that the Prevenar 13 vaccine is not a suitable tool to 

increase anti-oxLDL or PC antibodies in metabolic disease patients, and that alternative 

immunization strategies are needed in order to target oxLDL in humans. Further studies in 

larger, more homogenous populations should be performed to confirm our findings. 

 

Oxidative stress, a phenomenon in which high amounts of reactive oxygen species 

overwhelm the cells’ antioxidant defenses, is a hallmark of metabolic syndrome, as well as a 

wide range of metabolic and/or inflammatory diseases. As a lipid-rich aggregate, LDL is 

prone to oxidative modifications, and thus is susceptible to oxLDL conversion under 

oxidative stress conditions. OxLDL, in turn, interferes with cell metabolism and activates pro-

inflammatory and apoptotic pathways in cells, further impairing cellular metabolism and 

function, exacerbating the production of reactive oxygen species and triggering a vicious 

pathogenic cycle. Depending on the oxidative reagents and mechanisms, different portions 

of LDL can be modified to different extents; as such, it is likely that a heterogeneous 

population of oxLDL coexists in living organisms at any given time. Accordingly, antibodies 

targeting different oxLDL epitopes have been described in animals and humans alike, 

including antibodies against MDA or PC, other epitopes in copper-oxidized LDL, and against 

specific  apoliprotein B peptides (16). While several immunogenic groups are present in 

oxLDL, it is essential to establish the optimal oxLDL-related antigen for efficient 

immunization strategies, in order to avoid cross-reactions with non-pathogenic, non-oxLDL 

components. Being a common headgroup on phospholipids, PC is an abundant component 

of cell membranes and native LDL, but only becomes exposed and available as a so-called 

neo-antigen in apoptotic cells and oxLDL. In addition to being a neo-antigen, PC is a foreign 

antigen present on a variety of infectious agents, including S. pneumoniae. As such, among the 

different oxLDL immunogenic moieties, PC is an interesting candidate to explore, as (1) anti-

PC autoantibodies have been found in human sera, (2) human anti-PC autoantibodies cross-

react with oxLDL, and (3) PC is unlikely to induce an immune response against healthy cells 

or otherwise harmless cell components (17). 

 

Previously, mice whose anti-oxLDL IgM antibody levels were increased by means of heat-

inactivated S. pneumoniae displayed reduced disease burden in the context of NASH, NPC1 

disease and atherosclerosis, strengthening the hypothesis that increasing anti-oxLDL 
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antibody levels may be beneficial in humans. However, in contrast to observations in animal 

studies, in the current study, the Prevenar 13 vaccine did not increase anti-PC or anti-oxLDL 

antibody levels in metabolic disease patients. While we did observe a significant IgM and 

IgG-mediated response against Prevenar 13, it is possible that we could not measure a PC or 

oxLDL-specific immune response to the vaccine due to the limited sample size of the study 

and heterogenous composition regarding metabolic disease, sex and age of participants. In 

addition, it is possible that patients had received a pneumococcal vaccination in the past, 

which could impact their immune response against PC or oxLDL in the current study. 

Furthermore, it should be noted that, in the aforementioned in vivo studies, mice received an 

initial immunization consisting of heat-inactivated S. pneumoniae followed by several booster 

immunizations throughout the study period. In contrast, in this study, participants received 

a single dose of Prevenar 13 and were followed up for four weeks. As such, it is possible that 

a similar vaccination schedule is required to elicit an appropriate immune response against 

oxLDL and PC in humans. In addition, as already mentioned, mouse studies make use of 

heat-inactivated S. pneumoniae immunizations, in which the PC moiety is still present. In 

contrast, current pneumococcal vaccine manufacturing emphasizes the removal of PC-

containing cell wall polysaccharides, as antibodies against these bacteria components are not 

considered protective in humans (18). Therefore, available pneumococcal vaccines, including 

Prevenar, may not contain enough PC in their formulation to elicit an anti-PC and/or anti-

oxLDL response. To address this issue, a study by Even et al. analyzed the effects of Prevenar 

vaccination on anti-PC antibody levels in apoliprotein E−/− mice (19). Following two Prevenar 

injections, the researchers observed an increase in anti-PC antibody levels, as well as reduced 

atherosclerotic burden in mice. While these results suggest that the Prevenar vaccination has 

enough residual PC in its composition to elicit an immune response, it is possible that vestigial 

PC amounts may differ between vaccine batches and therefore act as unreliable antigens (18). 

Finally, it should be noted that key differences in both innate and adaptive immunity of mice 

and humans may lead to different immune responses following exposure to the same 

pathogen/epitope (20). In addition, laboratory mice are kept in homogenous, aseptic and even 

sterile environments, which may also contribute to differences between immune responses of 

mice and humans to Prevenar 13 vaccination (21). 

 

Previously, two studies reported that vaccination with a 23-valent polysaccharide vaccine 

(Pneumovax-23) has no effect on anti-MDA, anti-PC or anti- oxLDL in pediatric or adult 

patients (18, 22). While these findings appear to be in line with ours, it is worth mentioning 

that, while Prevenar 13 consists of 13 pneumococcal serotypes bound to a carrier that elicits a 

T-cell dependent immune response, Pneumovax-23 is a pneumococcal polysaccharide 

vaccine containing 23 S. pneumoniae serotypes whose immune response is T-cell independent. 

As such, Prevenar 13 elicits a stronger immune response than Pneumovax, particularly in 
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young children and adults whose B-cells are not fully functioning (23). Therefore, it is possible 

that Pneumovax-23 is not effective enough to elicit an appropriate anti-PC or anti-oxLDL 

response. Of note, a recent report by Grievink H.W. et al. found that two Prevenar 13 

vaccinations, 28 weeks apart, increased anti-oxLDL and anti-PC IgG and IgM antibody levels 

in males, compared to participants who only received placebo injections (24). It is possible 

that population size and heterogeneity, as well as the use of a single dose, did not allow the 

observation of a similar anti-oxLDL antibody increase following Prevenar 13 vaccination in 

the current study. Of note, the observed increase in anti-oxLDL antibody levels after two 

doses of Prevenar 13 in the discussed report reinforces the conclusion that Prevenar 13 

composition retains molecular mimicry between S. pneumoniae and oxLDL, in line with a 

previously mentioned mouse study (19). Whereas in mice, pneumococcal immunization leads 

to a strongly IgM-mediated immune response, in humans an IgG-mediated immune response 

against PC has been predominantly observed, further emphasizing the importance of species-

related differences in the immune system (25). As such, it is possible that a pneumococcal 

vaccine would elicit a strong anti-oxLDL IgG response, as was described in the 

aforementioned reports (24, 25). Of note, whereas anti-oxLDL IgM antibodies are widely 

considered protective, anti-oxLDL IgG antibodies have been reported as pro-atherogenic. As 

such, the previous report raises questions regarding the therapeutic potential of 

pneumococcal vaccination against metabolic and inflammatory diseases. 

 

Overall, our study suggests that a single dose of Prevenar 13 does not elicit an increase in 

anti-oxLDL or anti-PC IgM antibodies in metabolic disease patients. While further studies are 

required to confirm our findings, due to the limited sample size and heterogeneity of patients 

included in this pilot study, these results emphasize the need to explore alternative strategies 

to increase oxLDL clearance.  
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Lysosomal cholesterol accumulation underlies oxidative stress, metabolic dysfunction, 

inflammation and overall disease burden in NPC1 disease. In addition, lysosomal cholesterol 

accumulation is a feature of a wide number of acquired metabolic inflammation diseases, 

including NASH, atherosclerosis, Alzheimer’s disease and several types of cancer. Therefore, 

lysosomal dysfunction, mediated by cholesterol accumulation, is an appealing and widely 

applicable target for the development of preventive and therapeutical strategies. Here, we 

aimed to investigate the role of NPC1 impairment on the gut microbiome, as well as the 

potential of different therapeutical strategies to reduce disease burden following lysosomal 

cholesterol accumulation. In this General Discussion, I’ll proceed to discuss the findings 

presented on this thesis in light of other studies, as well as their impact on current knowledge 

and clinical applications. 

 

NPC1 impairment beyond NPC1 disease: role of NPC1 in metabolic inflammation, liver 

cholesterol biosynthesis and gut microbiome 

Similarly to the busy traffic in urban areas, cells are constantly producing and sending out 

signals and nutrients to each other, allowing cooperation between distal tissues and organs 

to regulate and support our bodies’ activity. In addition, individual cells must carefully 

orchestrate a multitude of intracellular processes (f.i., DNA transcription and protein 

synthesis, building of structural/signalling molecules, breakdown and use of nutrients, etc) to 

ensure homeostasis. The proper function and viability of a cell thus depends on timely and 

accurate coordination between organelles and metabolic pathways, as well as on adequate 

responses to the extracellular environment. In this context, lysosomes are important 

integrators of multiple extra- and intracellular pathways and are essential for proper cell 

metabolism and function. As such, lysosomal dysfunction can have dire and far-reaching 

consequences for the organism, as is well illustrated in lysosomal storage diseases, such as 

NPC1 disease. NPC1 disease, a recessive autosomal disease, is caused by deleterious 

mutations in either NPC1 or NPC2 genes (in 95% and 5% of cases, respectively). Since both 

NPC1 and NPC2 are required for proper lysosomal cholesterol efflux, mutations in either 

NPC1 or NPC2 cause the same phenotype, i.e., lysosomal cholesterol accumulation. Overall, 

chronic lysosomal lipid accumulation following NPC1 dysfunction leads to disturbed cell 

cholesterol distribution, oxidative stress and inflammation via a variety of pathways, 

resulting in severe organ dysfunction and damage. While deleterious, autosomal-recessive 

mutations in NPC1, such as those causing NPC1 disease, are very rare, a growing body of 

findings has pinpointed several deleterious NPC1 heterozygous variants and SNPs in 

different human populations (1-4). Importantly, such variants are associated with weight 

gain, dyslipidaemia and insulin resistance. While the relationship between NPC1 

SNPs/haploinsufficiency and metabolic dysfunction remains associative in humans, 

investigations in mouse models support a causal role for mild NPC1 dysfunction in metabolic 
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disturbances. Indeed, studies analysing the impact of a high-caloric diet in Npc1+/- mice found 

increased body mass, hepatic steatosis and adipose tissue hypertrophy, as well as insulin 

resistance, underlined by increased SREBP activation (5, 6). Taken together, the 

abovementioned findings highlight the role of (mild) NPC1 dysfunction and obesity and 

MetS traits.  

 

In chapter 3 of this thesis, we observed higher levels of hepatic desmosterol, a sterol 

intermediate in the Bloch cholesterol synthesis pathway, in Npc1nih-tp mice compared to 

Npc1wt-tp mice. These findings suggest that NPC1 dysfunction in a model for metabolic 

inflammation shifts liver cholesterol metabolism, further emphasizing the role of NPC1 and 

lysosomal cholesterol in metabolic regulation. While it is unclear why cells have two distinct 

cholesterol synthesis pathways at their disposal, namely the Bloch and the Kandutsch-Russell 

pathways, studies indicate that intermediate sterols in each pathway exert different 

physiological responses in a cell-specific manner. For instance, increased accumulation of 

desmosterol levels has been shown to increase cholesterol efflux and to reduce cholesterol 

synthesis and inflammation in macrophages, but not hepatocytes. In addition, studies have 

shown increased desmosterol levels in NASH and atherosclerosis patients, further 

emphasizing the physiological relevance of distinct metabolic cholesterol synthesis in health 

and disease. In line with these observations, in chapter 3, following a HFC diet, we found 

increased liver desmosterol and reduced lathosterol levels (data not shown) in Npc1nih-tp mice 

compared to Npc1wt-tp mice. While, to the best of our knowledge, the impact of Npc1 

mutations on liver sterol composition has yet to be analysed, the aforementioned finding 

suggests that NPC1 impairment on blood-derived immune cells shifts cholesterol 

biosynthesis from the Kandutsch-Russell to the Bloch pathway in the liver, regardless of diet. 

Considering the previously mentioned findings regarding the role of desmosterol in 

metabolic dysfunction and inflammation, the observed increase of desmosterol in the livers 

of Npc1nih-tp mice following a HFC diet may reflect a compensatory mechanism by 

macrophages to attenuate a pro-inflammatory response to increased lysosomal lipid 

accumulation. Of note, while in a previous study plant stanol supplementation reduced liver 

desmosterol levels in Ldlr-/- mice, in the current study, we observed a further increase in liver 

desmosterol levels of Npc1nih-tp mice following plant stanol supplementation to HFC diet. 

While the physiological relevance of such an increase is unclear, considering the 

accompanying reduction in liver inflammation, it is possible that plant stanol 

supplementation stimulated Npc1nih macrophages to further accumulate desmosterol, thereby 

increasing LXR activation, inhibiting SREBP-pathways and reducing inflammatory 

responses. Overall, these findings highlight the role of hematopoietic NPC1 dysfunction in 

liver cholesterol biosynthesis and suggest that desmosterol accumulation may be beneficial 
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in the context of metabolic inflammation following impaired NPC1 function and lysosomal 

cholesterol accumulation. 

 

In addition to pinpointing hematopoietic NPC1 dysfunction as a regulator of cholesterol 

biosynthesis in the liver, in chapter 4 of this thesis, we further explored the impact of 

hematopoietic NPC1 dysfunction on gut microbiome composition in a model for metabolic 

inflammation disorders such as obesity and NASH. Our findings indicate that, in parallel 

with disturbed lipid metabolism and hepatic steatosis, Npc1nih-tp mice fed a HFC diet featured 

a more diverse gut microbiome than mice without a NPC1 defect. Of note, while genetic 

background has been shown to influence gut microbiome in mice (7, 8), in line with this study, 

such relationships are harder to establish in large human populations (9, 10), due to the wide 

range of factors influencing the gut microbiome (fi, age, sex, diet, exposition to environmental 

factors) that are more heterogeneous in human subjects compared to laboratory mice. Indeed, 

one study assessing the relationship between host genetics and gut microbiome in a large 

human cohort (11) found that, compared to extrinsic factors, genetic background is only 

minorly associated with the composition of gut microbiome. In other words, genetic screening 

in combination with pertinent environmental factors is likely to give more insight into the 

role of the gut microbiome in health and disease, rather the assessment of genetic factors 

alone. In line, our study in chapter 4 demonstrates that a hematopoietic Npc1 mutation 

interacts with a HFC diet in the context of metabolic inflammation to modulate gut 

microbiome composition, providing additional support for the interaction between host 

genetics, gut microbiome and diet. It is well known that the immune system modulates, and 

is modulated by, the gut microbiome (12, 13). Furthermore, defects in NPC1 in immune cells 

compromise their phagocytic ability and modulate their profile (14-17); as such, although 

findings in chapter 4 are of an associative nature only, it is likely that hematopoietic NPC1 

dysfunction effectively influences the interaction between immune cells and the gut. Indeed, 

NPC1 dysfunction has been associated with impaired bacterial clearance by immune cells, 

due to deficient autophagy pathways (18). Of note, such a mechanism also underlies 

pathophysiology of inflammatory bowel syndrome, a disorder affecting a portion of NPC1 

disease patient  (19, 20). These findings indicate that host NPC1 dysfunction may impact the 

gut microbiome composition via impaired bacterial clearance of gut infiltrated immune cells, 

which in turn may play a role in gut pathology, similarly to inflammatory bowel syndrome 

(21, 22). In chapter 4, we found that hematopoietic NPC1 dysfunction in Ldlr-/- mice fed a HFC 

diet is associated with increased gut microbiome diversity; whether such an effect is 

underlined by poor clearance of specific bacterial species due to the aforementioned 

mechanism, remains unclear. Overall, future studies should validate findings from chapter 4 

of this thesis in humans. Furthermore, it remains unclear whether our findings are applicable 

only to individuals with NPC1 mutations/variations, or if they can also be observed in patients 
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with acquired lysosomal cholesterol accumulation, as observed in obesity and NASH. Finally, 

given the dual relationship between gut microbiota and host immune system, it would be 

interesting to analyse whether modulation of gut microbiome (fi, via dietary interventions, 

pre-/probiotic administration) yields therapeutic benefits for patients with metabolic 

inflammation underlined by lysosomal cholesterol accumulation (23). 

 

Beyond NPC1 dysfunction: oxLDL as a contributor to disease burden in NPC1 disease 

oxLDL, a product of oxidative modifications of native LDL, is observed in high amounts in a 

wide range of diseases, including NPC1 disease, NASH and, most notably, cardiovascular 

disease. While the process of oxLDL formation in vivo has yet to be fully established, studies 

suggest this can occur within dysregulated lysosomes via iron-metabolism components, as 

well as in the subendothelial space in the context of metabolic dysfunction and oxidative 

stress. Furthermore, rather than a single, well-defined molecule, the term “oxLDL” 

encompasses a wide range of LDL molecules that underwent oxidative modifications to 

different extents, on different molecular components (ie, TGs, phospholipids, 

apolipoproteins, free cholesterol and cholesterol esters). Among the different LDL 

components, polyunsaturated FAs in phospholipids are especially susceptible to oxidative 

modifications, and oxidized phosphatidylcholine (ie, phosphorylcholine, “PC”) is commonly 

observed in oxLDL (24, 25). Aside from oxidative modifications, oxLDL differs from native 

or minimally modified LDL due to the fact that it is unable to bind to LDL receptors; instead, 

it is recognized by scavenger receptors, Toll-like receptors and lectin-type oxidized LDL 

receptors, triggering pro-inflammatory and apoptotic cascades within cells. In addition, 

uptake of oxLDL leads to lysosomal lipid accumulation, as lysosomes are not able to 

efficiently breakdown and efflux oxidized molecules. Overall, oxLDL lysosomal entrapment 

culminates in the formation of cholesterol crystals, dysregulation of lysosomal pH and 

lysosomal function, and cell apoptosis and inflammation. As such, oxLDL is a mediator of a 

vicious cycle, in which cell dysfunction and oxidative stress/inflammatory responses trigger 

oxLDL production, which in turn leads to further damage and oxLDL formation. Since lipid 

metabolism/lysosomal dysfunction, oxidative stress and inflammation are a hallmark of 

several diseases, as aforementioned, oxLDL may prove to be a promising, widely applicable 

diagnosis/therapeutical target.  

 

Indeed, research indirectly analysing the role of oxLDL in human disease found that high 

levels of anti-oxLDL autoantibodies (ie, antibodies produced from birth in individuals) are 

protective against cardiovascular disease. Conversely, low anti-oxLDL autoantibodies are 

associated with worse prognosis in the same context. Further studies in mouse models for 

NASH and atherosclerosis found that increasing anti-oxLDL antibody levels via 

pneumococcal immunization ameliorates lipid metabolism and inflammation, strengthening 
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the pathogenic role of oxLDL in the context of metabolic inflammation and highlighting the 

benefits of anti-oxLDL antibodies. In chapter 5 of this thesis, we further investigated whether 

increasing anti-oxLDL IgM antibodies via pneumococcal immunization can ameliorate 

systemic and neurological features of NPC1 disease. Similarly to the abovementioned studies 

in NASH and atherosclerosis, pneumococcal immunization reduced hepatic cholesterol 

accumulation and improved hepatic lipid metabolism and inflammation. In addition, 

pneumococcal immunization reduced the levels of apoptotic markers in the liver, suggesting 

either (1) reduced liver apoptosis and/or (2) improved clearance of apoptotic cells. 

Considering that pneumococcal immunization triggers the production of antibodies targeting 

oxidized PC, a component exposed on both oxLDL and apoptotic cells, it is unsurprising that 

pneumococcal immunization reduced hepatic apoptosis markers. As such, observed 

improvements in liver inflammation may also be attributed to reduced number of apoptotic 

cells, in addition to the increased clearance of oxLDL by anti-oxLDL IgM antibodies. Of note, 

it remains unclear how the increase in anti-oxLDL antibody levels triggers its clearance and 

protects immune cells from oxLDL-related toxicity. While one study proposed that anti-

oxLDL antibodies increase the uptake of oxLDL by monocytes, several others came to the 

opposite conclusion, i.e., that anti-oxLDL IgM antibodies inhibit macrophage oxLDL uptake 

via scavenger receptors, thus preventing oxLDL-mediated dysfunction and reducing 

inflammation (26, 27). In addition, it should be emphasized that, while anti-oxLDL IgG 

antibodies activate pro-inflammatory cascades in cells and may exacerbate disease burden, 

IgM antibodies trigger anti-inflammatory pathways and are thus more protective than the 

former. Regardless of the underlying mechanisms, our findings from chapter 5 indicate that 

triggering the production of anti-oxLDL IgM antibodies via pneumococcal immunization 

improves systemic lipid accumulation and inflammation following NPC1 impairment.  

 

While the impact of oxLDL in brain disorders has not been fully elucidated, previous studies 

have found increased levels of oxLDL in patients with Alzheimer’s disease and 

cerebrovascular infarcts (28, 29), suggesting that oxLDL is associated with neurological 

disease progression. In line, we observed reduced neuroinflammation and improvements in 

motor skills in immunized mice with higher anti-oxLDL IgM antibody titres, further 

strengthening the relationship between circulating oxLDL and neurological damage. Since 

antibodies are usually precluded from the nervous system due to the BBB, it is unclear how 

pneumococcal immunization benefits NPC1 disease neurological symptoms. Previous 

studies indicate that high levels of oxLDL compromise the BBB integrity and are toxic to glial 

cells and neurons (30, 31). As such, it is possible that pneumococcal immunization benefits 

neurological symptoms of NPC1 disease by indirectly preventing and/or reducing oxLDL-

associated damage to the BBB and associated exacerbation of disease burden. In addition, it 
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is possible that a small amount of anti-oxLDL IgM antibodies can cross the BBB, particularly 

in case of BBB damage, thus directly modulating brain cells and reducing neuroinflammation. 

 

Targeting inflammation and oxidative stress in NPC1 and metabolic disease 

Although inflammation, oxidative stress and oxLDL formation are not the core pathological 

triggers of NPC1 disease, a large body of research, including chapter 5 of this thesis, indicates 

that such mechanisms are important contributors of disease burden. While directly correcting 

NPC1 deficiency is the most straightforward therapeutic strategy in NPC1 disease, 

particularly in patients with missense NPC1 mutations, strategies such as gene therapy, while 

beneficial in in vivo models (32, 33), have yet to be perfected efficacy and safety-wise and 

analysed in human patients. Currently, Miglustat, a glucosylceramide synthase inhibitor, is 

the only therapeutical compound approved for treatment of NPC1 disease. While the use of 

Miglustat can reduce disease progression and improve life quality of NPC1 disease patients, 

its benefits are still limited, particularly in patients diagnosed later in life or with more 

aggressive disease phenotype (34-36). Besides Miglustat, intrathecal administration of 

cyclodextrin is another promising compound to reduce NPC1 disease progression and 

ameliorate associated symptoms, although further clinical investigations are required for its 

approval (37, 38). Overall, considering the limitations in current therapeutic strategies for 

NPC1 disease, the development of alternative strategies, while not curative, may further 

contribute to reduce disease progression and burden. 

 

In line, in chapters 2 and 3, we demonstrated that the use of plant stanols improves systemic 

lipid metabolism and inflammation following whole body or hematopoietic NPC1 defects. Of 

note, we did not directly analyse the effect of plant stanol supplementation on lysosomal 

cholesterol content in either chapter 2 or chapter 3. Such analyses would further help to 

pinpoint whether benefits of increased plant stanol consumption stem directly from reduced 

lysosomal cholesterol accumulation, or rather from improving secondary pathological 

features following NPC1 dysfunction. Furthermore, while our observations indicate that 

dietary plant stanol supplementation improves hepatic lipid metabolism and reduces 

inflammatory phenotype of liver and circulating immune populations, we did not analyse the 

effects of plant stanol supplementation on neurological pathological features of NPC1 disease 

in chapter 2. Previously, two independent investigations showed that plant stanols and 

sterols accumulate in the brain following dietary supplementation with these compounds in 

mice and rabbits (39, 40). Of note, plant stanols were found to accumulate at much lower rates 

than plant sterols after 6 weeks of dietary supplementation, likely due to higher side chain 

complexity of plant stanol molecules compared to that of plant sterols. As such, it is unlikely 

that dietary plant stanol supplementation elicits a functionally-relevant accumulation of these 

molecules in the nervous system. Of note, while stigmasterol may reduce neurodegeneration 
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in Alzheimer’s disease, administration of other plant sterols commonly consumed in a 

healthy diet were found to increase Aβ production and secretion in an in vitro model (41). 

Furthermore, plant sterols are more prone to oxidative modifications than plant stanols (42, 

43). Considering the disease burden associated with oxidative stress, these findings suggest 

that plant sterol supplementation may be ill-advised in NPC1 disease. Overall, further studies 

are required to confirm the rate of diet-derived plant stanols’ accumulation in the brain, as 

well as the effects of plant stanols in brain lipid metabolism, inflammation and function. 

Furthermore, it is unclear whether pharmacological interventions with similar effects as plant 

stanols, such as ezetimibe, may yield better results in ameliorating lysosomal cholesterol 

accumulation-related metabolic dysfunction and inflammation.  

 

In addition to highlighting the benefits of plant stanol supplementation following NPC1 

dysfunction, findings from chapter 5 emphasize the pathological role of oxLDL in systemic 

and neurological damage in a mouse model for NPC1 disease. As such, targeting oxLDL may 

prove valuable to prevent or reduce disease burden associated underlined by lysosomal lipid 

accumulation, oxidative stress and inflammation. Whether such a strategy can be successfully 

employed in human patients remains to be elucidated. In chapter 6, we demonstrated that 

pneumococcal vaccination does not increase anti-oxLDL antibody levels in patients with 

metabolic diseases underlined by dyslipidaemia, oxidative stress and inflammation. While 

our sample size was small and composed of a heterogeneous population, our observations 

are in line with several other studies. As such, it is unlikely that administering commonly 

used pneumococcal vaccines can be used as tool to increasing anti-oxLDL IgM antibody levels 

and subsequently reduce circulating oxLDL in human patients. To date, no other strategies 

directly targeting oxLDL have been explored in humans, although the use of antioxidants to 

reduce disease burden in different contexts has been extensively researched. Of note, while 

in vivo studies have found antioxidant tools to benefit cardiovascular, NPC1 and Alzheimer’s 

disease symptoms, such strategies in human patients have largely fallen short of expectations 

(44-47). Rather than indicating that targeting secondary disease mechanisms should be 

dismissed as a therapeutic strategy, the limited success of tools employed so far to that end 

emphasizes the need to explore more efficient methods to reduce oxidative stress and 

inflammation. Indeed, while the reasons underlying the discrepancy between the success of 

antioxidants in in vivo studies and clinical trials are not fully known, they likely include: pro-

oxidant effects of traditional antioxidants such as vitamin E; inability of traditional 

antioxidants to penetrate cells and mitochondria, particularly when the latter are 

compromised; as well as premature antioxidant breakdown and interaction with other 

medications. The aforementioned mechanisms and caveats should thus be considered while 

developing therapeutic strategies targeting oxidative stress in humans. Finally, it should be 

emphasized that, while oxidative stress and inflammation are secondary to lysosomal 
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cholesterol buildup in NPC1 disease, such mechanisms also trigger lysosomal lipid 

accumulation, for instance by increasing oxLDL production, among other pathological 

mechanisms. As such, anti-inflammatory and antioxidant strategies may be particularly 

beneficial in metabolic diseases underlined by metabolic dysfunction, such as in lifestyle and 

NPC1-variants driven obesity and MetS and other non-communicable diseases, including 

cardiovascular and liver disease, cancer and Alzheimer’s disease. 
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Table 1 Main findings, limitations and applications of each experimental chapter in this 

thesis. 

 

Chapter Main findings Limitations Applications 

Chapter 2 Supplementing the diet with 

plant stanols, particularly at a 

higher dose, improves 

systemic features of NPC1 

disease, namely: progressive 

weight loss; hepatic 

cholesterol accumulation and 

lipid metabolism; hepatic and 

blood inflammation 

parameters. 

Did not investigate 

effects of plant stanol 

supplementation on 

the nervous system 

As a 

complementary 

therapeutic tool, 

dietary plant 

stanol 

supplementation 

may improve 

systemic NPC1 

disease 

symptoms. . 

Chapter 3 - Following a HFC diet in a 

murine model for metabolic 

inflammation, plant stanol 

supplementation ameliorates 

hepatic cholesterol 

accumulation, lipid 

metabolism and 

inflammation. In contrast, no 

significant effects were 

observed in the 

abovementioned parameters 

following plant stanol 

supplementation to a 

cholesterol poor, chow diet. 

- These opposing findings 

suggest that beneficial effects 

of dietary plant stanol 

supplementation are largely 

dependent on excessive 

cholesterol consumption. 

Could not fully 

exclude direct anti-

inflammatory effects 

of plant stanols, 

mainly because: 

- Did not investigate 

the use of a higher 

plant stanol 

concentration (fi, 6%). 

- Did not investigate 

the prolonged use of 

plant stanol 

supplementation. 

- Hepatic lipid 

metabolism 

impairment and 

inflammatory status 

was much more 

subtle in the analyzed 

model following a 

cholesterol poor diet 

compared to a high 

cholesterol diet. 

It is likely that 

individuals who 

consume 

excessive 

cholesterol will 

benefit the most 

from dietary 

plant stanol 

supplementation. 
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Chapter 4 Hematopoietic Npc1 

mutation shifts gut 

microbiome composition in a 

mouse model for metabolic 

inflammation, suggesting 

that host genetics/lysosomal 

lipid accumulation in 

immune cells play a role in 

gut microbiome. 

- Without human 

data, translation of 

these findings is 

difficult. 

- To strengthen the 

findings, similar 

experiments should 

be conducted in 

other mouse models 

showing metabolic 

inflammation. 

Therapies aimed 

at improving 

NPC1 

dysfunction 

could improve 

metabolic 

inflammation by 

modulating gut 

microbiota. 

Chapter 5 Targetting oxLDL via 

pneumococcal immunization 

systemic and neurological 

cholesterol accumulation, 

inflammation as well as 

neurological symptoms in a 

mouse model for NPC1 

disease. 

- Addition of human 

data would have 

improved the 

translational character 

of the study. 

Increasing anti-

oxLDL IgM 

antibodies may 

be an effective 

strategy to 

improve 

symptoms and 

life quality of 

NPC1 disease 

patients. 

Chapter 6 A single dose of a conjugated 

pneumococcal vaccine does 

not increase IgM or IgG 

antibody levels against 

oxLDL in metabolic disease 

patients. 

- Limited sample size. 

- Heterogeneous 

patient composition. 

Alternative 

vaccination 

strategies and/or 

tools are 

required to elicit 

appropriate 

responses 

against oxLDL in 

human metabolic 

disease patients.   
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Summary 

In recent years, lysosomal dysfunction has increasingly been acknowledged as a trigger and 

a contributing factor to a wide range of diseases, including NASH, atherosclerosis, dementia 

and several types of cancer. Among different mechanisms underlying lysosomal dysfunction, 

chronic lysosomal cholesterol buildup is of particular interest in the current age, as the 

number of individuals with obesity/overweight and MetS has been steadily increasing 

worldwide, in adults and children alike. Metabolic disturbances following chronic unhealthy 

lifestyles (i.e., excessive calory consumption in parallel with reduced physical activity) can 

trigger lysosomal cholesterol buildup, resulting in lysosomal and cellular dysfunction, 

inflammation and disease. In addition, deleterious mutations or SNPs compromising the 

activity of lysosomal cholesterol efflux protein NPC1 predispose individuals to lysosomal 

cholesterol accumulation, metabolic dysfunction and inflammation, as is well shown in the 

severity of NPC1 disease. As such, exploring mechanisms contributing to lysosomal 

cholesterol accumulation may shed light to develop further therapeutic strategies to prevent 

severe disease burden in overweight/obese patients and patients with genetic NPC1 

impairments alike. 

 

In chapter 2, we investigated whether interfering with dietary cholesterol absorption in the 

intestines via dietary plant stanol supplementation can reduce systemic symptoms of NPC1 

disease. Our findings suggest that long-term consumption of plant stanols, especially at a 

higher dose, can reduce hepatic cholesterol accumulation, improve hepatic lipid metabolism, 

and reduce hepatic and systemic inflammation in NPC1 disease. Thus, this study suggests 

that dietary plant stanol supplementation may be an accessible tool to ameliorate metabolic 

dysfunction and inflammation following NPC1 impairment and lysosomal cholesterol 

accumulation. 

 

In chapter 3, we aimed to determine whether dietary plant stanol supplementation can 

improve hepatic inflammation in the absence of excessive cholesterol intake, in a model for 

metabolic inflammation characterized by hematopoietic NPC1 dysfunction. While we could 

not fully exclude direct anti-inflammatory effects from plant stanols, this study suggests that 

the benefits of dietary plant stanol consumption are largely tied in with their effects on 

intestinal absorption of dietary cholesterol. 

 

In chapter 4, we explored the effects of NPC1 dysfunction in bone marrow-derived immune 

cells on the gut microbiome. Our findings indicate that, in parallel with changes in lipid 

metabolism parameters, hematopoietic NPC1 dysfunction increases the diversity of the gut 

microbiome composition following a high fat, high cholesterol diet. This study strengthens 
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the link between disturbances in lipid metabolism and gut microbiome, and further 

highlights the impact of host genetic mutations in the composition of the gut microbiome. 

 

In chapter 5, we investigated whether increasing antibody levels against oxLDL by 

pneumococcal immunization can reduce systemic and neurological symptoms of NPC1 

disease. In this study, pneumococcal immunization effectively reduced hepatic cholesterol 

accumulation, inflammation and apoptosis. In addition, pneumococcal immunization 

reduced brain inflammation and improved motor deficits in NPC1 disease mice. These results 

suggest that pneumococcal immunization may be an effective therapeutic tool to ameliorate 

NPC1 disease symptoms. In addition, our findings emphasize the role of oxLDL in NPC1 

disease pathology. 

 

In chapter 6, we conducted a clinical pilot study to analyze whether administration of a 

pneumococcal vaccine commonly used in the clinic (Prevenar 13) induces higher levels of 

anti-oxLDL IgM antibodies in patients with partial lipodystrophy, familial 

hypercholesterolemia, and Niemann-Pick type B. Despite having analyzed a small and 

heterogeneous sample of patients, our results suggest that a single dose of Prevenar 13 is not 

suitable to increase anti-oxLDL IgM antibody levels in humans, emphasizing the need to 

investigate alternative strategies to target oxLDL in patients. 

 A 
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Samenvatting 

In de afgelopen jaren wordt lysosomale disfunctie steeds meer erkend als een oorzakelijk 

factor die bijdraagt aan een breed scala van ziekten, waaronder NASH, atherosclerose, 

dementie en verschillende soorten kanker. Langdurige opstapeling van lysosomaal 

cholesterol wordt tegenwoordig beschouwd als één van de belangrijkst factoren die aan de 

grondslag liggen van lysosomale disfunctie, onder meer door de gestage toename van 

personen (volwassenen en kinderen) die lijden aan obesitas/overgewicht en het geassocieerde 

MetS. Metabole stoornissen die zijn geïnduceerd door een chronische ongezonde levensstijl 

(overmatige calorie-innanme in combinatie met verminderde fysieke activiteit) kunnen 

namelijk lysosomale cholesterolophoping veroorzaken, resulterend in lysosomale en 

cellulaire disfunctie, ontsteking en ziekte. Verder brengen schadelijke mutaties of SNP's de 

activiteit van het lysosomaal cholesterolefflux-eiwit NPC1 in gevaar, waardoor individuen 

vatbaar worden voor lysosomale cholesterolaccumulatie, metabole disfunctie en ontsteking 

(hetgeen zeer goed is beschreven in de context van de NPC1-ziekte. Als zodanig kan het 

onderzoeken van mechanismen die bijdragen aan de accumulatie van lysosomaal cholesterol 

inzicht bieden aan de ontwikkeling van nieuwe therapeutische strategieën om ernstige 

ziektelast bij patiënten met overgewicht / obesitas en patiënten met genetische NPC1-

stoornissen te voorkomen. 

 

In hoofdstuk 2 hebben we onderzocht of het moduleren van de opname van cholesterol in de 

darmen via plantaardige stanolsuppletie in de voeding de systemische symptomen van de 

NPC1 ziekte kan verminderen. Onze bevindingen suggereren dat langdurige consumptie van 

plantenstanolen, vooral bij een hogere dosis, de accumulatie van cholesterol in de lever kan 

verminderen, het lipidenmetabolisme in de lever kan verbeteren en hepatische en 

systemische ontsteking bij de ziekte van NPC1 kan verminderen. Deze studie suggereert 

verder dat toevoeging van plantaardige stanolen in het dieet een toegankelijk hulpmiddel 

kan zijn om metabole disfunctie en ontsteking te verminderen in NPC1-stoornissen en 

stoornissen gelinkt aan lysosomale cholesterolophoping. 

 

In hoofdstuk 3 bepaalden we of toevoeging van plantaardige stanolen in de voeding 

leverontsteking kan verbeteren bij afwezigheid van overmatige cholesterolinname, in een 

model voor metabole inflammatie gekenmerkt door hematopoëtische NPC1-disfunctie. 

Hoewel we de directe ontstekingsremmende effecten van plantenstanolen niet volledig 

konden uitsluiten, deze studie suggereert dat de voordelen van de consumptie van 

plantaardige stanolen in de voeding grotendeels samenhangen met hun effecten op de 

opname van cholesterol in de darmen. 
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In hoofdstuk 4 hebben we de effecten van NPC1-disfunctie in uit-beenmerg-afgeleide- 

immuuncellen op het darmmicrobioom onderzocht. Onze bevindingen geven aan dat, 

parallel met veranderingen in de parameters van het lipidenmetabolisme, hematopoëtische 

NPC1-disfunctie de diversiteit van de samenstelling van het darmmicrobioom verhoogt na 

een dieet met een hoog vetgehalte en een hoog cholesterolgehalte. Deze studie versterkt het 

verband tussen verstoringen in het lipidenmetabolisme en het darmmicrobioom, en 

benadrukt verder de impact van genetische mutaties van de gastheer op de samenstelling van 

het darmmicrobioom. 

 

In hoofdstuk 5 hebben we onderzocht of het verhogen van antilichaamspiegels tegen oxLDL 

door pneumokokkenimmunisatie de systemische en neurologische symptomen van de 

NPC1-ziekte kan verminderen. In deze studie verminderde pneumokokkenimmunisatie 

effectief de accumulatie van cholesterol, ontsteking en apoptose in de lever. Bovendien 

verminderde pneumokokken-immunisatie hersenontsteking en verbeterde motorische 

tekorten bij muizen met de ziekte van NPC1. Deze resultaten suggereren dat immunisatie 

met pneumokokken een effectief therapeutisch hulpmiddel kan zijn om de symptomen van 

de NPC1-ziekte te verlichten. Bovendien benadrukken onze bevindingen de rol van oxLDL 

in de pathologie van de ziekte van NPC1. 

 

In hoofdstuk 6 hebben we een klinische pilootstudie uitgevoerd om te analyseren of 

toediening van een pneumokokkenvaccin dat vaak in de kliniek wordt gebruikt (Prevenar 

13), hogere niveaus van anti-oxLDL IgM-antilichamen induceert bij patiënten met partiële 

lipodystrofie, familiaire hypercholesterolemie en Niemann-Pick-type. B. Ondanks dat we een 

kleine en heterogene steekproef van patiënten hebben geanalyseerd, suggereren onze 

resultaten dat een enkele dosis Prevenar 13 niet geschikt is om de anti-oxLDL IgM-

antilichaamspiegels bij mensen te verhogen, wat de noodzaak benadrukt om alternatieve 

strategieën te onderzoeken om oxLDL bij patiënten te verminderen.

 A 
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Impact paragraph 

Scientific and socio-economic advances have brought on a number of innovations that have 

irremediably transformed human lives. While many of these advances have improved the 

average individual’s quality of life and lifespan, they carry their own set of challenges, such 

as high levels of stress and loneliness, as well as the increasing prevalence of metabolic 

diseases. A staggering portion of the population suffers from, or will at some point develop, 

overweight/obesity and Metabolic Syndrome. In 2016, the World Health Organization 

estimates that 1.9 billion adults were overweight, 650 million of which were obese (1). In 

addition, nearly 378 million adolescents and children under five years of age are either 

overweight or obese worldwide (1, 2). Furthermore, it is estimated that nearly a quarter of the 

population presents Metabolic Syndrome, a group of metabolic disease risk factors that 

includes hyperlipidemia, hyperglycemia and high blood pressure (3). 

 

While the combination of overnutrition and low energy expenditure underlies the 

development of overweight/obesity and Metabolic Syndrome, there are a number of factors 

that can influence this ratio, including cultural and socio-economic elements; genetic variants 

and mutations impacting energy metabolism; and medication, as well as disability (4). 

Nonetheless, socio-economic factors and education are the most important contributors to the 

development of overweight and Metabolic Syndrome, and these disorders are  becoming 

more and more prevalent in developing countries and low-income populations (5). 

Regardless of the underlying causes, the development of effective preventive strategies and 

therapies is more important than ever. If untreated, overweight/obese and Metabolic 

Syndrome patients are at high risk of developing non-communicable diseases (NCDs) such 

as type 2 diabetes mellitus, non-alcoholic steatohepatitis, cardiovascular disease, 

musculoskeletal disorders, neurodegenerative and neuropsychiatric disorders (Alzheimer’s 

disease, depression) and several types of cancer. Altogether, the abovementioned NCDs 

account for more than 70% of preventable, premature deaths worldwide, and this number is 

expected to increase in years to come (6). Metabolic disorders and NCDs cause a tremendous 

burden on affected individuals and their families on both an emotional and economical level, 

as patients struggle to remain employed and keep up with health costs. As such, in addition 

to posing a threat to public health, metabolic disorders and associated NCD burden are 

important components of the pervasive vicious cycle of poverty, and thus interfere with socio-

economic development where it is often needed the most. Of note, health costs and loss of 

economic activity associated with NCDs were estimated to result in the loss of nearly 38 

trillion euros between 2010 and 2030 worldwide (i.e., nearly half of the global gross domestic 

product in 2019) (7), further emphasizing the impact of metabolic disorders and NCDs on 

socio-economic development. Another important factor associated with increased 
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development of metabolic disorders and associated NCDs is aging. In 2018, the estimated 

number of individuals over the age of 64 surpassed the number of infants for the first time in 

human history, and it is well known that the risk of metabolic dysfunction and development 

of NCDs is positively associated with aging. Ironically, although life expectancy has increased 

by several years in many countries worldwide, such trends are slowing down, possibly due 

to increased mortality associated with NCDs, among other factors (8). Nonetheless, it is 

undeniable that current demographics and increasing numbers of older individuals represent 

an important factor to the increasing prevalence of metabolic disorders and NCDs, 

particularly in developed countries. Of note, metabolic disorders and NCDs make patients 

more vulnerable to infectious diseases and associated comorbidities and mortality (9, 10), a 

fact worth mentioning in light of recent epidemic and pandemic events, such as those 

mediated by SARS and, recently, COVID-19. All considered, research into pathways 

underlying disease development, in parallel with policy changes, is essential for patients, 

clinicians and societies alike, in order to develop efficient preventive and therapeutical 

strategies to improve life quality of metabolic disease patients. 

 

Despite the different pathophysiology of NCDs such as NASH, Alzheimer’s disease and 

cancer, they often feature overlapping underlying pathological mechanisms, including 

inflammation, oxidative stress, dysfunctional energy metabolism and lysosomal dysfunction. 

Of note, lysosomal dysfunction is both an important trigger and contributor to disease 

burden, as is clear in the case of NPC1 disease, a severe genetic disease. Although rare, NPC1 

disease takes a great toll in patients, triggering the development of liver, spleen and lung 

dysfunction. In addition, NPC1 disease patients suffer from debilitating and progressive 

neurodegeneration which impairs their motor and cognitive abilities. While some NPC1 

disease patients suffer from relatively mild and late-onset symptoms, many experience 

disabling peripheral and neurological disease manifestations from a very young age. Due to 

a combination of disease severity, delayed diagnosis and limited therapeutical tools, NPC1 

disease patients suffer from strongly reduced life quality and lifespan. As such, further 

research into NPC1 disease is required, in order to develop more efficient diagnostic and 

therapeutic strategies. In addition, given the aforementioned overlap between 

pathophysiological mechanisms of NPC1 disease and metabolic NCDs, findings pertaining 

to NPC1 disease may be applicable to a wide range of NCDs, and vice-versa. In addition, 

several studies have found genetic NPC1 SNPs and heterozygous NPC1 loss-of-function 

mutations in overweight and obese individuals, as well as patients with type 2 diabetes and 

cardiovascular disease. These studies further link (mild) NPC1 impairment and lysosomal 

lipid accumulation in highly prevalent metabolic disorders and NCDs, further emphasizing 

the wide application value of NPC1 disease findings. 

 

 A 
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In this thesis, we reported for the first time that NPC1 impairment in blood-derived immune 

cells shifts the gut microbiome composition in a HFC diet setting (chapter 4). Future studies 

should further explore whether NPC1 dysfunction, as well as lifestyle-associated lysosomal 

lipid accumulation, is also associated with gut microbiome composition in humans. In 

addition, further studies should assess whether the interaction between NPC1 impairment 

and HFC diet results in a well-defined gut microbiome landscape. If so, the detection of such 

a characteristic gut microbiome via stool samples could translate into a non-invasive 

diagnosis tool for lysosomal cholesterol accumulation in individuals and allow for clinicians 

to put in practice more targeted and efficient therapeutic strategies. In addition, while the role 

of the gut microbiome in health and disease has yet to be fully elucidated, altered gut 

microbiome composition has been associated with NCDs such as liver disease and cancer. As 

such, it is possible that host NPC1 impairment/HFC diet and the resulting gut microbiome 

structure contributes to disease burden severity. Therefore, tools to reshape the gut 

microbiome may be promising, affordable and accessible tools to improve NPC1-related host 

features, such as dyslipidemia and inflammation, and thus prevent the development of severe 

NCDs in individuals with lysosomal cholesterol accumulation, as observed in obesity and 

MetS. 

 

Furthermore, in chapter 2, we showed that increasing plant stanol consumption improves 

liver lipid metabolism and as well as liver and peripheral inflammation in a mouse model for 

NPC1 disease. Dietary plant stanol supplementation, via supplements or plant stanol-

enriched margarines, is a tool commonly used to reduce hypercholesterolemia in patients. As 

such, it is a widely available and affordable tool which may be beneficial to a portion of NPC1 

disease patients, in combination with other therapeutic compounds. Of note, dysphagia, i.e., 

difficulties swallowing, is a symptom that many NPC1 disease patients suffer from; as such, 

dietary supplementations and oral pharmacological interventions are unlikely to be 

applicable to patients with severe NPC1 disease. Nonetheless, our findings from chapter 2 

indicate that dietary plant stanol supplementation is an effective tool to reduce liver 

inflammation in a disease model characterized by severe lysosomal lipid accumulation. This 

observation suggests that dietary plant stanol supplementation may be a valuable tool to 

prevent or reduce systemic inflammation in a wider range of NCDs characterized by 

lysosomal lipid accumulation, such as obesity, MetS and NASH, in addition to reducing 

hypercholesterolemia. 

 

Moreover, in chapter 5, we demonstrated that increasing antibody levels against oxLDL 

reduces systemic and neurological symptoms of NPC1 disease. While oxLDL is not a primary 

source of NPC1 disease, our findings emphasize that oxLDL contributes to NPC1 disease 

severity by exacerbating metabolic dysfunction, oxidative stress and inflammation. As such, 
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reducing oxLDL levels may remove further challenges (i.e. inflammation, oxidative stress) 

that altogether contribute to further lysosomal dysfunction and severe tissue and organ 

dysfunction. Indeed, previous studies found that compounds targeting parallel disease 

mechanisms in many cases work in synergy, enhancing the overall benefits regarding disease 

progression and burden. As such, the combination of tools targeting parallel disease 

mechanisms is likely to benefit individuals with complex diseases for which there are no 

definite curative treatments, such as obesity and MetS and related NCDs.  

 

Similarly to NPC1 disease, high levels of oxLDL have been associated with the progression 

of highly prevalent NCDs, such as NASH, cardiovascular disease, Alzheimer’s disease and 

some types of cancer. As such, tools to reduce oxLDL show great promise to improve quality 

of life for a great number of patients. Importantly, while increasing antibody levels against 

oxLDL may be an effective tool to reduce inflammation, oxidative stress and overall disease 

burden, our observations from chapter 6, in line with reports from other investigators, 

indicate that pneumococcal vaccination does not increase antibodies against oxLDL in human 

patients. As such, our results emphasize the need to develop alternative strategies to target 

oxLDL in human patients, such as vaccines tailored specifically to trigger antibodies against 

oxLDL or even nano compounds targeting this molecule. 

 

Overall, the findings reported in this thesis highlight the consequences of lysosomal lipid 

accumulation and the potential of different therapeutic strategies in ameliorating NPC1 

disease. In addition to being applicable to NPC1 disease, such findings may also come to 

benefit patients with metabolic disorders and associated NCDs.  
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