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  Introduction 

3 
 

1. CHOLESTEROL 

 

Cholesterol discovery dates back at 1769 when the French physician-chemist François Poulletier 

isolated pure cholesterol crystals from gallstones. Some years later in 1815 cholesterol was 

rediscovered by the chemist Michel E. Chevreul, who isolated it from animal fats and named it 

cholesterine from the Greek chole- (bile) and stereos (solid) in honor at its discovery. The exact 

molecular formula of cholesterol was accurately established in 1888 by the Austrian botanist 

Friedrich Reinitzer. Nowadays we know it as cholesterol due to the chemical suffix -ol for the 

alcohol group that contains (Dam, 1958).  

 

Since its discovery, cholesterol has attracted the attention of many investigators and research 

areas to the point that more than ten Nobel Prizes have been awarded to scientists who dedicated 

major parts of their careers to cholesterol research. In 1964 Konrad Bloch and Feodor Lynen 

received a novel prize for their understanding of cholesterol metabolism and some years later, in 

1985, Michael Brown and Joseph Goldstein were awarded for their discovery of LDL-cholesterol 

receptors (Mesquita et al., 2015). Nowadays, cholesterol metabolism and its implications in many 

diseases such as cardiac and brain vascular diseases but also dementias, hepatic disorders and 

cancer, are the focus of many basic research and clinical investigations (Luo et al., 2020).  

 

1.1. CHOLESTEROL STRUCTURE AND PROPERTIES  

 

Cholesterol is one of the most important lipids in the human body. It is part of biological 

membranes, where it plays an essential role in maintaining cellular integrity and functionality 

through the interaction with other membrane lipids and proteins. Its unique structure provides 

special biophysical properties that increase the ordering of neighboring lipids overall influencing 

membrane fluidity, permeability and curvature. However, too much ordering is detrimental 

because it can increase membrane rigidity so much that the diffusion of membrane proteins can 

slow down. To prevent this to happen, cholesterol levels in the cell are subjected to very precise 

regulation (Hofsäss et al., 2003). Besides this function, cholesterol is also a precursor for steroid 

hormones, bile acids and vitamin D, and has diverse functions in intracellular signal transduction 

(Maxfield and Tabas, 2005). 

 

Cholesterol is an organic molecule that belongs to the steroid family of lipid compounds. Its core 

structure is composed by four fused rings (three cyclohexane rings and one cyclopentane ring). At 

one end of this main structure there is one aliphatic chain with eight carbon atoms and, at the 

other end, one hydroxyl group, the only polar component of the molecule. Both hydrophilic and 



Introduction   

4 
 

hydrophobic poles determine cholesterol positioning within the lipid bilayer. This structure is 

often referred as free cholesterol to be distinguished from cholesteryl esters, which contain long-

chain fatty acids linked to the hydroxyl group. Cholesteryl esters are much more hydrophobic than 

free cholesterol and, although they do not contribute to membrane structures, they appear to be 

the preferred form for cholesterol transport in plasma and as a biologically inert storage (Figure 

I-1) (Maxfield and Tabas, 2005; Tabas, 2002; Yeagle, 1985). 

 

Figure I-1. Structures and functions of (free) cholesterol and cholesteryl esters. 

Adapted from (Riscal et al., 2019). 

 

1.2. CHOLESTEROL SOURCES 

 

Cholesterol is either supplied from the diet (exogenous mechanism) or synthesized de novo by 

many cells of the body, especially hepatocytes from the liver (endogenous mechanism). The 

contribution of these two pathways on total body cholesterol has been estimated as a ratio of 

~30:70 respectively (Arnold and Kwiterovich, 2003; Grundy, 1983). 

 

1.2.1. Dietary cholesterol uptake 

 

Long-distance lipid transport, i.e. the transfer of fats between body tissues, is carried out by 

lipoproteins. These sphered macromolecular complexes enable triglycerides, cholesterol and 

other lipids to be carried in all extracellular water, as in blood plasma or other extracellular fluids. 

Different combinations of lipids and proteins give rise to particles of different densities: 
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chylomicrons, very-low-density lipoprotein (VLDL), low-density lipoprotein (LDL) and high-density 

lipoprotein (HDL). They are all constituted by one nucleus with apolar lipids (cholesteryl esters 

and triglycerides) and an external polar layer composed by phospholipids, free cholesterol and 

apolipoproteins (APO). The latter act as signals to guide lipoproteins to specific tissues and 

activate the enzymes responsible for degrading them (Siri-Tarino and Krauss, 2016). With all these 

particles and many tissues involved, the uptake of cholesterol from food follows an intricate 

pathway (Figure I-2) (Feingold and Grunfeld, 2000; Groen et al., 2014; Kapourchali et al., 2016; 

Lusis and Pajukanta, 2008; Marques et al., 2018). 

 

 

Figure I-2. Overview of lipoprotein mediated cholesterol transport mechanisms. 

Adapted from (Lusis and Pajukanta, 2008). 

 

Dietary lipids arrive intact in the duodenum, where they are first emulsified by bile and then 

absorbed by enterocytes, the epithelial cells from the digestive tube. Once inside these cells, 

cholesterol along with triglycerides is packaged into chylomicrons, a type of lipoproteins 

composed of 85% triglycerides, 9% phospholipids, 4% cholesterol and 2% protein. The 

apolipoproteins that constitute chylomicrons are apo E, apo-B48 and apo C-II. Chylomicrons 

transport dietary lipids to adipose, cardiac and skeletal muscle tissue, where triglycerides are 

hydrolyzed by the activity of the lipoprotein lipase, allowing the released free fatty acids to be 

absorbed by these tissues. Apo C-II is the responsible for activating lipoprotein lipases. When a 



Introduction   

6 
 

large portion of the triglyceride core has been hydrolyzed, chylomicron remnants are formed and 

taken up by the liver. Apo E and apo-B48 are involved in the chylomicron identification by 

hepatocytes for endocytosis and breakdown. Once in the liver, chylomicrons release their lipid 

content and are degraded in the lysosomes (Groen et al., 2014; Kapourchali et al., 2016).  

 

In turn, hepatocytes secrete VLDL particles into the circulation. These lipoproteins contain more 

triglycerides, free cholesterol, cholesteryl esters, other lipids and apolipoproteins such as apo-

B100, apo C-I, II, III and apo E. Apo C-II activates lipoprotein lipases in capillaries thus triggering 

triglycerides hydrolysis and providing fatty acids for cells. After this hydrolysis VLDL become LDL, 

the main lipoprotein that delivers cholesterol to peripheral cells since it is rich in free cholesterol, 

cholesteryl esters and apo-B100. These lipoproteins bind and internalize into peripheral cells that 

contain the apo-B100 receptor. Once inside these cells, LDL fuse with lysosomes, which contain 

enzymes that hydrolyze cholesteryl esters thus facilitating free cholesterol release to the cytosol 

(Groen et al., 2014; Kapourchali et al., 2016). 

 

In parallel, liver also synthesizes HDL, which are lipoproteins that contain low cholesterol levels. 

Their main function is to collect excessive cholesterol from peripheral tissues bringing it back to 

the liver so it can be metabolized. This process is known as reverse cholesterol transport. 

Cholesterol from non-hepatic peripheral tissues is transferred to HDL by the transporter ABCA1, 

acting apo-AI as an acceptor. Following this, the enzyme lecithin-cholesterol acyltransferase 

(LCAT) esterifies free cholesterol into cholesteryl esters thus resulting in the cholesterol relocation 

from the HDL membrane to its hydrophobic core and allowing more free cholesterol uptake. Once 

back in the liver, HDL release cholesterol leftovers, which are excreted into the bile either directly 

or after its conversion into bile acids. Bile is accumulated in the biliary vesicle until food reaches 

the duodenum being then released to the intestine. A major part of cholesterol and bile salts are 

reabsorbed while others are excreted, being this the main pathway of organism cholesterol 

elimination (Marques et al., 2018). 

 

1.2.2. De novo cholesterol synthesis 

 

Cells can synthesize cholesterol de novo through the mevalonate pathway. The initial step in this 

pathway is the conversion of acetyl-CoA and acetoacetyl-CoA into 3-hydroxy-3-methylglutaryl 

coenzyme A (HMG-CoA). HMG-CoA is then converted into mevalonate via the enzyme HMG-CoA 

reductase (HMG-CoAR). Subsequent enzymatic reactions lead to the formation of different 

intermediates being cholesterol one of the final products of the pathway. Enzymes involved in this 
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pathway are found in cytosol, endoplasmic reticulum (ER) and peroxisomes (Figure I-3) (Cerqueira 

et al., 2016; Riscal et al., 2019). 

 

The reaction catalyzed by HMG-CoAR is the limiting step of the mevalonate pathway. This enzyme 

is anchored in the ER membrane through its N-terminal side and exposes its catalytic domain 

towards the cytosol. Due to its leading role in de novo cholesterol synthesis, it has become the 

therapeutic target for the treatment of hypercholesterolemia. In fact, the most common 

cholesterol-lowering drugs are statins, which act by competitively inhibiting HMG-CoAR. Since 

statins are structurally similar to HMG-CoA, they fit into the HMG-CoAR’s active site and compete 

with the native substrate overall reducing the amount of cholesterol produced (Istvan, 2002; 

Istvan and Deisenhofer, 2000; Stancu and Sima, 2001). To further reduce cholesterol levels in the 

body, some statins such as atorvastatin are commonly used in combination with ezetimibe, which 

is a cholesterol absorption inhibitor. Thus, these medicines together impair both dietary 

cholesterol uptake and de novo cholesterol synthesis (Buhaescu and Izzedine, 2007; Sirtori, 2014).  

 

 

Figure I-3. Simplified scheme of mevalonate pathway. Adapted from (Riscal et al., 2019). 

 

1.3. CHOLESTEROL METABOLISM REGULATION 

 

Sustaining cholesterol homeostasis is essential to maintain proper cellular functioning since either 

too little or too much body cholesterol can induce tissue damage. There are thus several 

sophisticated and complex mechanisms that regulate intestinal cholesterol absorption, 
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cholesterol uptake by cells and de novo cholesterol synthesis. We will next summarize some of 

the most-well known key players in cholesterol metabolism regulation (Afonso et al., 2018; 

DeBose-Boyd, 2008; Dietschy et al., 1993). 

 

­ SREBPs (sterol regulatory element-binding proteins): SREBP is a family of membrane-

anchored transcription factors that enhance cholesterol synthesis and uptake by modulating 

genes encoding LDL receptors and enzymes involved in the mevalonate pathway. Mammalian 

genomes have two separate SREBP genes leading to a total of three different isoforms of 

SREBP, each of them responsible for activating transcription of different genes: 

 

o SREBP-1a: it activates genes involved in cholesterol, fatty acids and triglycerides synthesis. 

o SREBP-1c: it favors the transcription of genes needed for the synthesis of fatty acids (ATP 

citrate lyase, acetil-CoA carboxylase, fatty acid synthase) and triglycerides (glycerol-3-

phosphate acyltransferase).  

o SREBP-2: it regulates transcription of genes involved in cholesterol synthesis (HMG-CoA 

synthase and reductase, squalene synthase) and its uptake such as the LDL receptors. 

 

SREBP belong to the basic helix-loop-helix leucine zipper (bHLH-Zip) family. Each SREBP 

precursor is organized in three domains: the NH2-terminal domain, which contains the region 

bHLH-Zip that allows DNA binding, the transmembrane domain, and the COOH-terminal 

domain. SREBP precursors are anchored in the ER membrane and bound through their COOH-

terminal domain to the SREBP cleavage-activating protein (SCAP). When steroid levels are 

low, SCAP guides SREBP to the Golgi apparatus through COPII vesicles. Once in the Golgi, 

SREBP undergoes proteolytic processing by proteins S1P and S2P, overall resulting in the 

release of the NH2-terminal domain that travels to the nucleus and promotes gene 

transcription. Contrary, when levels of steroids are high, SREBP and SCAP are retained in the 

ER by binding to the Insulin-induced gene 1 protein (INSIG). This binding blocks SREBP2 ER-to-

Golgi transport thus inhibiting SREBP-mediated transcription and overall cholesterol synthesis 

(Figure I-4) (Horton et al., 2002; Sun et al., 2007). 

 

­ INSIG-mediated ubiquitination of HMG-CoAR: HMG-CoAR is inhibited by one of its own 

products, lanosterol. When there is an increase of lanosterol levels in the ER, proteins INSIG-

1 and INSIG-2 quickly bind to HMG-CoAR. GP78, an ubiquitin kinase that is anchored to ER, 

then ubiquitins HMG-CoAR so that it is degraded in the proteasomes overall reducing the 

mevalonate pathway activity and, therefore, new cholesterol synthesis (Figure I-4) (Sever et 

al., 2003). 
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­ Liver X receptors (LXRs): LXR are nuclear transcription factors that control cholesterol, fatty 

acid and glucose homeostasis. When cellular oxysterols (oxidized derivatives of cholesterol) 

accumulate as a result of increasing concentrations of cholesterol, LXR induce the 

transcription of genes that protect cells from cholesterol overload. LXR activation regulates 

cholesterol biosynthesis/efflux and bile acid metabolism/excretion in the liver. LXR also 

increase cholesterol efflux in the peripheral tissues and decrease absorption and increase 

fecal excretion in the intestine (Peet et al., 1998; Töröcsik et al., 2009; Zhao and Dahlman-

Wright, 2010). 

 

 

Figure I-4. SREBP and INSIG-mediated cholesterol homeostasis regulation. Taken from (Ikonen, 2008). 

 

There are other factors that can also affect cholesterol homeostasis mainly by targeting HMG-

CoAR. Diurnal rhythm, insulin and glucagon, thyroid hormone, glucocorticoids, estrogen and bile 

acids have been reported to influence cholesterol synthesis. They regulate HMG-CoAR by 

transcriptional, translational and post-translational mechanisms (Goldstein and Brown, 1990). 

Oxygen is another regulatory factor since cholesterol synthesis is a highly oxygen-consumptive 

process. The synthesis of one molecule of cholesterol from acetyl-CoA requires eleven molecules 

of dioxygen. It has been seen that oxygen deprivation (hypoxia) blocks cholesterol synthesis and 

stimulates degradation of HMG-CoAR (Nguyen et al., 2007). 

 

1.4. INTRACELLULAR CHOLESTEROL TRAFFICKING AND DISTRIBUTION  

 

Cholesterol is heterogeneously distributed between membranes and subcellular compartments. 

In the plasma membrane, it makes up about the 20-25% of the lipid bilayer on average. It is also 

abundant in the endocytic recycling compartment and in the trans-Golgi apparatus. By contrast, 
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the ER has a low cholesterol content and a large fraction of unsaturated lipids. Cholesterol levels 

in mitochondria and lysosomes are also low. The distinct cholesterol composition between these 

organelles is tightly regulated in order to ensure proper organelle functioning (Ikonen, 2008; 

Lange, 1991; Mukherjee et al., 1998). 

 

Intracellular cholesterol can come from different sites: 1) from the ER, where it is endogenously 

synthesized, 2) from lipid droplets located in the cytosol, where excess cholesterol is stored as 

cholesteryl esters, and 3) from endocytic compartments, where cholesterol captured from the 

extracellular space via receptor is located. Over years, great achievements have been made in the 

knowledge of cholesterol transport and distribution between subcellular compartments and in 

and out of the cell. However, there are many fundamental aspects that still remain not well 

understood for a number of reasons. First, tracking the distribution and movement of cholesterol 

in vivo is challenging. Second, cholesterol is moved between some cellular compartments by a 

combination of vesicular and non-vesicular pathways, which makes the distinction of all processes 

involved difficult. Finally, although cholesterol is poorly soluble in water, it can spontaneously 

move on its own between membranes that are close at an appreciable rate, overall complicating 

the analysis of cholesterol transport. Although further research in this topic is required, nowadays 

cholesterol transport within the cell can be explained through two different mechanism: vesicular 

and non-vesicular transport (Enrich et al., 2015; Ikonen, 2008; Maxfield and Tabas, 2005; Maxfield 

and Wüstner, 2002; Meng et al., 2020; Soccio Raymond E. and Breslow Jan L., 2004). 

 

1.4.1. Vesicular transport 

 

The intracellular cholesterol vesicular transport is mainly linked to the cholesterol uptake from 

lipoproteins through receptor-mediated mechanisms. LDL receptors that are found in the plasma 

membrane have a high affinity for lipoproteins that contain the apolipoproteins apo B and apo E, 

such as chylomicron remnants, VLDL and mostly LDL. These particles are endocyted by 

invagination forming, as a result, clathrin-coated vesicles. These vesicles then fuse with early 

endosomes, from where LDL receptors disassociate and are recycled back to the plasma 

membrane via the endocytic recycling compartment. Late endosomes and lately, lysosomes, are 

then in charge of the hydrolysis of cholesteryl esters into free cholesterol by the action of an acid 

lipase, and the cholesterol release to other subcellular compartments such as the plasma 

membrane, mitochondria and the ER (Sugii et al., 2003). Cholesterol that reaches the ER is re-

esterified via the enzyme Acetyl-CoA acetyltransferase (ACAT1) and, as necessary, stored in 

cytoplasmic lipid droplets. Although the cholesterol transport within the endosomal-lysosomal 

system is pretty well understood, the cholesterol efflux from these compartments is poorly 
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characterized. Some lately studies indicate that contact sites and fusion events between these 

organelles and other compartments mediate the distribution of cholesterol (Figure I-5) (Meng et 

al., 2020). 

 

NPC Intracellular Cholesterol Transporter 1 (NPC1) and 2 (NPC2) are two proteins that act in 

concert playing a key role in cholesterol trafficking from the endosomal-lysosomal system to other 

compartments. Apparently, NPC2 transfers cholesterol to NPC1, which is located in the organelle’s 

external membrane. NPC1 then mediates cholesterol transport to the other compartments (Li et 

al., 2016; Maxfield and Wüstner, 2002). The absence of these proteins causes an accumulation of 

cholesterol and other lipids in late endocytic organelles, overall affecting cell function. Specifically, 

NPC1 absence is related to neurodegenerative diseases such as Niemann-Pick Type C (NPC) 

disease, which affects not only the brain but also other organs such the pancreas and liver where 

cholesterol accumulation is also observed.  

 

 

Figure I-5. Intracellular cholesterol transport. Taken from (Lyu et al., 2019). 

 

1.4.2. Non-vesicular transport 

 

It is accepted that cholesterol as well as other lipids can move between many intracellular 

compartments by non-vesicular mechanisms. For instance, it is known that cholesterol 

synthesized de novo leaves the ER mostly by non-vesicular mechanisms that bypass ER-Golgi 
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membrane transport. Besides, the movement of cholesteryl esters between ER and lipid droplets 

as well as the cholesterol mitochondrial import is not mediated by vesicles. However, most of the 

non-vesicular cholesterol transport mechanisms remain poorly understood. Evidence indicates 

that this type of transport occurs by both direct membrane contacts and by simple detachment 

of cholesterol from one membrane, its crossing through the hydrophilic cytoplasm with the help 

of a Lipid Transfer Protein, and its final adsorption into the target membrane. In the last decades, 

efforts have been made in deciphering mechanisms of non-vesicular intracellular cholesterol 

transport although in some cases proof of their role is still lacking (Figure I-6) (Luo et al., 2019; 

Meng et al., 2020; Prinz, 2007): 

 

­ Steroidogenic acute regulatory lipid transfer (StART) domain family of proteins: it is the best 

known example of lipid transfer proteins (Miller, 2007a). All these proteins contain a StART 

domain that allows their binding to different substances or ligands such as sterols and 

phosphatidylcholine. Within this family, the steroidogenic acute regulatory protein, 

commonly referred to as StARD1, stands out by acting on the mitochondrial outer membrane 

to facilitate cholesterol transfer to the inner membrane (Miller, 2007a; Stocco, 2001, 2000, 

1999; Tugaeva and Sluchanko, 2019). Another important component of this family is StARD3, 

also known as metastatic lymph node 64 protein (MLN64), which mediates cholesterol 

transport to the outer mitochondrial membrane (Zhang et al., 2002). StARD3 also participates 

in the cholesterol transport between late endocytic organelles and the ER via interaction with 

VAPA and VAPB (Wilhelm et al., 2017). 

 

­ Translocator protein (TSPO): TSPO, originally described as Peripheral benzodiazepine receptor 

(PBR), is located in the outer mitochondrial membrane and involved in cholesterol 

mitochondrial import (Papadopoulos, 2003). 

 

­ Sterol carrier protein 2 (SCP2): it is a soluble carrier that traffics cholesterol to cholesterol-rich 

membrane microstructural domains (Schroeder et al., 2010, 2007). 

 

­ Oxysterol-binding protein (OSBP)-related proteins (ORPs): it is a big family of lipid transfer 

proteins. Among them, ORP1L has recently been implicated in cholesterol transfer from late 

endosomes to the ER at contacts between these organelles (Dong et al., 2019; Höglinger et 

al., 2019; Zhao and Dahlman-Wright, 2010).  

 

­ NPC1: many studies have reported NPC1 as an important player in cholesterol efflux from the 

endosomal-lysosomal system via different mechanisms. NPC1 cooperates with one member 
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of the ORPs family, ORP5, to mediate cholesterol transport to the ER (Du et al., 2011). A recent 

investigation has reported that NPC1 also regulates ER contact sites with late endocytic 

organelles by interacting with the ER-localized sterol transport protein Gramd1b (Höglinger 

et al., 2019).  

 

 

Figure I-6. Non-vesicular intracellular cholesterol transfer between organelles. 

Taken from (Meng et al., 2020). 

 

1.5. PHYSIOLOGICAL ROLE OF MITOCHONDRIAL CHOLESTEROL 

 

Mitochondria are cholesterol-poor organelles with estimates ranging from 0.5-3% of the content 

found in other cellular membranes (Van Meer et al., 2008). Cholesterol in mitochondria is required 

for membrane biogenesis and maintenance as well as for the synthesis of steroids and bile acids. 

For steroidogenesis, which takes place in specific tissues such as adrenal glands, ovaries, testis, 

placenta and brain, cholesterol is metabolized at the inner mitochondrial membrane to 

pregnenolone by the enzyme cytochrome P450 family 11 Subfamily A Member 1 (CYP11A1). 

Pregnenolone is the immediate precursor for the synthesis of most of the steroid hormones 

including sex steroids (androgens, estrogens, and progestogens) and corticosteroids 

(glucocorticoids and mineralocorticoids) as well as neurosteroids (Jefcoate, 2002; Miller and 

Auchus, 2011; Papadopoulos and Miller, 2012). Bile acids formation from cholesterol takes place 

in the liver cells via two pathways: the classic pathway, initiated by microsomal cholesterol 7alpha-
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hydroxylase (CYP7A1), and the alternative pathway, initiated by sterol 27-hydroxylase (CYP27), an 

enzyme located in the inner mitochondrial membrane. Cholesterol in liver mitochondria is thus 

essential for carrying out bile acid synthesis via the alternative pathway (Kiriyama and Nochi, 

2019; Pandak and Kakiyama, 2019; Šarenac and Mikov, 2018). Mitochondrial cholesterol 

(mCholesterol) levels are subjected to a tight regulation, especially in steroidogenic tissues or liver 

where this cholesterol is used to synthesize steroid hormones or bile acids, respectively. 

Cholesterol availability in mitochondria is thus the rate-limiting step of steroidogenesis and bile 

acids synthesis (Elustondo et al., 2017; García-Ruiz et al., 2009). 

 

Increasing evidence shows that mCholesterol levels can influence mitochondrial function 

independent of its conversion to pregnenolone or bile acids. While in physiological conditions 

mCholesterol levels are low and firmly controlled, excessive accumulation of this lipid in the 

organelle has been observed in a wide range of pathophysiological situations including 

cardiovascular disorders, Alzheimer's disease, cancer, Niemann-Pick Type C (NPC) disease and 

hepatic injuries such as Alcoholic Liver Disease (ALD). Increased mCholesterol levels induce 

mitochondrial membrane order alterations as well as function impairment of specific 

mitochondrial carriers. These changes in mitochondrial membranes subsequently initiate a 

cascade of events that trigger mitochondrial dysfunction and, lately, cell damage (Arenas et al., 

2020; Baggetto et al., 1992; Baggetto and Testa-Parussini, 1990; Ballinger, 2005; Barbero-Camps 

et al., 2014; Colell et al., 2003; Coll et al., 2003; Crain et al., 1983; Domínguez‐Pérez et al., 2019; 

Feo et al., 1975; Fernández et al., 2009b; Marí et al., 2014, 2006; Mei et al., 2012; Montero et al., 

2008; Ribas et al., 2016; Torres et al., 2019, 2017b). Exploring the mechanisms of mCholesterol 

homeostasis and transport as well as their effects on mitochondrial function may reveal novel 

information very valuable for the understanding and treatment of this wide variety of pathological 

conditions. 

 

In the next chapter we describe the main aspects of mitochondrial biology focusing on the 

currently known mechanisms of mCholesterol import and cholesterol-driven mitochondrial 

dysfunction and what still remains inconclusive until the date. 

 

2. MITOCHONDRIA 

 

Mitochondria are semiautonomous double-membrane-bound subcellular organelles found in 

most eukaryotic organisms. They are responsible for the majority of energy metabolism within 

cells, converting oxygen (O2) and nutrients into carbon dioxide (CO2) and water and synthesizing 
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adenosine triphosphate (ATP) in the process. Thus, mitochondria are often referred as the 

powerhouses of the cell. 

 

The first observations of intracellular structures that probably represented mitochondria were 

published in the 1840s. The word mitochondrion comes from the Greek μίτος (mitos, "thread") 

and χονδρίον (chondrion, "granule") and reflects the way these organelles looked to the first 

scientists that observed them. From then and with the help of technological advances, many 

scientists have contributed to expanding the current knowledge on mitochondria and their 

implications in human diseases (Ernster and Schatz, 1981).  

 

2.1. MITOCHONDRIAL PROPERTIES AND STRUCTURE 

 

The number of mitochondria in a cell differ greatly according to the organism, tissue and cell type. 

For example, red blood cells do not have mitochondria, while fibroblasts can have a population of 

dozens to hundreds of them and liver cells may have more than 2000. Another characteristic 

feature of mitochondria is that they have their own independent genome, which shows 

substantial similarity to bacterial genomes. 

 

Mitochondria are commonly between 0.75 and 3μm² in area but vary considerably in size.  

Structurally, they are composed of two membranes and two subcompartments each one carrying 

out specialized functions (Figure I-7) (Giacomello et al., 2020; Lejay et al., 2012): 

 

 

Figure I-7. Structure of mitochondria with some essential mitochondrial components. Taken 

from (Giacomello et al., 2020). 
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­ Outer mitochondrial membrane (OMM): this membrane encloses the entire organelle 

separating it from cytosol. It is very similar in lipid composition to the plasma membrane and 

the ER. It is mainly formed by phospholipids of unsaturated fatty acids such as 

phosphatidylcholine, phosphatidylethanolamine and phosphatidylinositol, and large numbers 

of integral membrane proteins called porins. The protein-to-lipid ratio is around 50:50. OMM 

is quite permeable allowing the freely passage of ions and small molecules. The voltage-

dependent ion channel (VDAC) is the primary transporter of these small particles between the 

cytosol and the intermembrane space. In contrast, larger proteins can enter mitochondria if 

a signaling sequence at their N-terminus binds to a large multisubunit protein called 

translocase, which then actively moves them across the outer membrane. OMM also contains 

enzymes involved in diverse activities such as monoamine oxidase and fatty acid Co-A ligase. 

Disruption of the OMM permits proteins in the intermembrane space to leak into the cytosol, 

leading to certain cell death. 

 

­ Inner mitochondrial membrane (IMM): it has a protein-to-lipid ratio of 80:20. Its lipid 

composition is based on low cholesterol levels, 45-50% of phosphatidylcholine, 25-35% 

phosphatidylethanolamine and 10-20% cardiolipins. Cardiolipin is a kind of 

diphosphatidylglycerol lipid that is not found in any biological membrane but in the IMM, 

where it is essential for the optimal function of numerous enzymes that are involved in 

mitochondrial energy metabolism. IMM is freely permeable to oxygen, carbon dioxide and 

water but, in contrast to OMM, it is highly impermeable to ions and small molecules. 

Sophisticated ion transporters thus exist to allow specific molecules to cross this barrier. Apart 

from being a chemical barrier, IMM is also an electrical insulator since it insulates the 

membrane potential generated by the action of the enzymes of the electron transport chain. 

Structurally, IMM is formed by invaginations called crests that penetrate the mitochondrial 

matrix providing a large amount of surface area for chemical reactions to occur on. A key 

multiprotein complex regulating cristae biogenesis is the mitochondrial contact site and 

cristae organizing system (MICOS). Enzymes from the electron transport chain and other 

protein transporters are located in the IMM.  

 

­ Intermembrane space (IMS): it is located between the OMM and IMM. It has a high 

concentration of protons due to their pumping by the electron transport chain. Because the 

OMM is freely permeable to small molecules, the concentrations of small molecules such as 

ions and sugars in the intermembrane space is similar to the cytosol. However, the protein 

composition of this space is different from the protein composition of the cytosol. Some of 
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the proteins located in this area are creatine and adenylate synthetase needed for AMP 

transformation into ADP, and proapoptotic proteins such as cytochrome c and Smac/Diablo. 

 

­ Mitochondrial matrix: it is the space enclosed by the IMM. It contains a highly concentrated 

mixture of hundreds of enzymes, special mitochondrial ribosomes, RNA and several copies of 

the mitochondrial DNA genome. A wide range of metabolic pathways crucial for 

mitochondrial functionality such as Krebs cycle, fatty acids β-oxidation, alternative bile acid 

synthesis and steroid synthesis take place in this compartment. 

 

2.1.1. Mitochondrial dynamics 

 

Mitochondria are commonly illustrated as singular oval-shaped structures. However, it has been 

known for at least a century that they form a highly dynamic network within most cells. 

Mitochondrial dynamics is a general term that includes the movement of mitochondria along the 

cytoskeleton and the regulation of mitochondrial morphology by fusion and fission events. These 

processes are important not only for maintaining mitochondrial health but also for coordinating 

metabolism and cell signaling (Giacomello et al., 2020; Liesa et al., 2009). 

 

Mitochondria must be properly distributed within the cell in order to execute their roles. Their 

mobilization to specific subcellular destinations is accomplished in part by their attachment to the 

microtubular apparatus. The key players in this process are Miro-anchoring proteins on the OMM 

and the adaptor protein Milton, which can interact with kinesin and dynein molecular motors 

attached to microtubules (Dorn, 2019; Melkov and Abdu, 2018). Apart from being transported 

within the cell, mitochondria can also fuse and divide in response to cell demands and 

environment. These morphological changes are essential for many cellular processes such as cell 

cycle, immunity, apoptosis and mitochondrial quality control. An increase in fusion activity leads 

to mitochondrial elongation while increased fission results in mitochondrial fragmentation. Over 

years, many proteins that control fusion and fission events have been identified such as mitofusins 

(MFN) 1 and 2, optic atrophy 1 (OPA1) and dynamin-related protein 1 (DRP1). All these molecules 

are GTP hydrolyzing proteins that belong to the dynamin family (Liesa et al., 2009). 

 

Mitochondrial fission is a multi-step process that leads the division of one mitochondrion in two 

daughter mitochondria. This process is mainly regulated by Drp1 with the participation of Dnm2 

and FIS1 among other molecules. Mitochondrial fusion is driven by a two-step process with MFN1 

and 2 mediating OMM fusion followed by OPA1-mediated IMM fusion (Figure I-8). The 

mechanisms of mitochondrial fusion and fission are regulated by proteolysis and post-
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translational modifications of the implicated molecules. In addition, there is increasing evidence 

that contact sites with other organelles are also involved in the regulation of such processes. Since 

the overall mechanisms of mitochondrial fusion and fission have not been thoroughly completely 

established, a number of components which conduct or regulate these activities are likely to 

remain to be determined (Tilokani et al., 2018). 

 

 

Figure I-8. Mitochondrial dynamics. Taken from (Osellame et al., 2012) 

 

Numerous human disorders such as obesity, diabetes, cancer and non-alcoholic steatohepatitis 

have been associated with alterations in mitochondrial dynamics and its main machinery 

components (Bach et al., 2003; Dai and Jiang, 2019; Hernández-Alvarez et al., 2019; Rovira-Llopis 

et al., 2017). Deficiency in molecules involved in mitochondrial fusion (mainly MFN2 and OPA1) 

and/or in mitochondrial fusion by itself have been reported to reduce mitochondrial membrane 

potential and respiration in several cell types. Current evidence indicates that changes in 

mitochondrial fission proteins have similar impacts on mitochondrial metabolism (Chan, 2020; 

Youle and Bliek, 2012). However, relatively little is known about the mechanisms by which 

disruption of mitochondrial fusion or fission alters mitochondrial energy production. 

Understanding the molecular mechanisms that regulate mitochondrial dynamics is essential not 

only to decipher the relation between mitochondrial shape and function but also to unravel the 

molecular basis of diseases associated with mitochondrial morphology defects. 
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2.2. MITOCHONDRIAL FUNCTIONALITY 

 

Apart from supplying cellular energy, mitochondria are also involved in a wide range of tasks 

including control of cell cycle, apoptosis, innate immunity, redox signalling and monitoring of cell 

differentiation, growth and development. Here we focus on one essential aspect: the role of 

mitochondria in energy production (Osellame et al., 2012). 

 

2.2.1. Energy production 

 

Every cellular action requires energy and this energy is stored in ATP. Found in all forms of life, 

ATP is often described as the "molecular unit of currency" of intracellular energy transfer. It can 

be produced by a number of distinct cellular processes. Mitochondria house the major enzymatic 

systems used to generate ATP from the oxidation of sugars, fats and proteins. Each of these three 

substrates can be catabolized to acetyl-CoA, which is then used in the Krebs cycle that takes place 

in the mitochondrial matrix. In addition to acetyl-CoA, the free energy liberated in these oxidative 

reactions is transferred to NADH and FADH2 and carried to the mitochondrial electron transport 

chain (Figure I-9) (Osellame et al., 2012; Spinelli and Haigis, 2018): 

 

­ Sugars: they enter the mitochondria as pyruvate after undergoing glycolysis in the cytosol. 

Once in the mitochondrial matrix, pyruvate is oxidized and combined with coenzyme A to 

form CO2, acetyl-CoA and NADH. Molecules of acetyl-CoA can then participate in the Krebs 

cycle and NADH is used in the electron transport chain. 

 

­ Fats: β-oxidation it is the catabolic process by which fatty acid molecules are broken down in 

the mitochondria to generate acetyl-CoA, which enters the Krebs cycle, and NADH and FADH2, 

which are used in the respiratory chain. While short and medium chain fatty acids freely enter 

the mitochondria, the entry of long chain fatty acids depends on an enzyme located on the 

outer mitochondrial membrane called carnitine palmitoyltransferase I (CPT-I). Fatty acid 

oxidation also occurs in peroxisomes when the fatty acid chains are too long to be handled by 

the mitochondria. Once in the mitochondrial matrix, free fatty acids undergo 

dehydrogenation, hydration, dehydrogenation and thiolysis, releasing an acetyl-CoA molecule 

and a shorter fatty acid chain. This cycle is repeated several times until the fatty acid 

polycarbonate chain is consumed. 

 

­ Proteins: mitochondria contain various enzymes that convert specific amino acids into 

pyruvate, acetyl-CoA or directly into particular Krebs cycle intermediates. 
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Figure I-9. Enzymatic systems used to generate ATP from the oxidation of sugars, fats and proteins. Taken from 

(Spinelli and Haigis, 2018). 

 

Acetyl-CoA molecules derived from carbohydrates, fatty acid and protein catabolism are the main 

fuel for the Krebs cycle. Krebs cycle, also known as the citric acid cycle or tricarboxylic acid cycle, 

is a series of chemical reactions responsible for most of the energy needs in complex organisms. 

Besides, the molecules that are produced in these reactions can later be used for the synthesis of 

fatty acids, steroids, cholesterol, proteins and DNA. Acetyl-CoA enters the Krebs cycle where it is 

oxidized and ends up generating two CO2 molecules and four pairs of hydrogen atoms that are 

transferred to NAD+ and FAD overall resulting in NADH and FADH2 respectively. This reducing 

power together with the one generated during sugars and fats oxidation is then used in numerous 

reactions but mainly in the electron transport chain (Figure I-10) (Osellame et al., 2012; Spinelli 

and Haigis, 2018). 
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Figure I-10. Bioenergetics of the Krebs cycle and the Electron transport chain. Taken from (Osellame et al., 2012). 

 

Subsequent to Krebs cycle, oxidative phosphorylation is the process where energy is harnessed to 

create the biggest amount of ATP molecules. This process is coupled to a series of protein 

complexes known as the electron transport chain (ETC). ETC protein complexes are embedded in 

the IMM and protrude towards the matrix and the IMS, and coenzymes diffuse through the 

membrane or bind to its surface. Electrons are passed from one member of the ETC to another in 

a series of redox reactions. As electrons are passed down the chain, they move from a higher to a 

lower energy level releasing energy that is used to pump protons ions from the matrix into the 

IMS. Electron flow in the ETC follows this pathway (Figure I-10) (Zhao et al., 2019): 

 

 Complex I (NADH ubiquinone oxireductase): it is the largest complex in the ETC. It catalyzes 

the transfer of electrons from NADH to the lipid-soluble carrier called Coenzyme Q (CoQ), also 

known as ubiquinone. As a result of this reaction, Complex I translocates four protons across 

the IMM, thus producing a proton gradient.  



Introduction   

22 
 

 Complex II (succinate dehydrogenase): it is composed of four peptides. It catalyzes the 

oxidation of succinate to fumarate in the Krebs cycle and transfers the electrons to the CoQ. 

Complex I and II do not operate in sequence but accomplish the same goal: the transfer of 

electrons from reduced substrates to CoQ. However, unlike complex I, no protons are 

transported to the intermembrane space through complex II. 
 

 Complex III (CoQH2-cytochrome c reductase): it is in charge of transferring the electrons from 

CoQ to cytochrome c, a water-soluble electron carrier located within the IMS. From this 

reaction a total of four protons are released to the IMS. 
 

 Complex IV (cytochrome C oxidase): it receives the electrons from cytochrome c molecules 

and transfers them to oxygen molecules creating H20. At the same time, eight protons are 

removed from the mitochondrial matrix (although only four are translocated across the 

membrane), contributing to the proton gradient. 

 

As described, at the same time that electrons are transported through the chain to reach Complex 

IV, protons are pumped into the IMS. The accumulation of protons in the IMS creates an electrical 

potential and a chemical gradient. Due to the extreme impermeability of IMM, protons enter the 

mitochondrial matrix through the F0 region of the enzyme ATP synthase (ATPase). This proton 

input generates the energy necessary for the synthesis of ATP from ADP and inorganic phosphorus 

(Pi) by the F1 region of the ATPase (Figure I-10) (R. Guo et al., 2018; Zhao et al., 2019; Zorova et 

al., 2018). In order for oxidative phosphorylation to take place, the proton electrochemical 

gradient must be generated and the IMM must be intact so that the protons that return to the 

matrix do so through the process coupled to ATP synthesis. 

 

The total energy gained from the complete breakdown of one molecule of glucose (six-carbon) by 

glycolysis, the formation of two acetyl-CoA molecules, their catabolism in the Krebs cycle and 

oxidative phosphorylation is a minimum of 30 ATP molecules in eukaryotes. The number of ATP 

molecules derived from the β-oxidation of a 6 carbon segment of a fatty acid chain and the 

subsequent oxidation of the resulting 3 molecules of acetyl-CoA is equal about 40 ATP molecules. 

 

2.2.1.1. Respiratory SuperComplexes 

 

Over years it has been thought that complexes from the ETC work as independent entities 

dispersed in the IMM with CoQ and cytochrome c acting as mobile carriers. This idea is known as 

fluid model. However, modern biological research has revealed strong evidence that these 

enzymatic complexes can also assemble into larger supramolecular structures called respiratory 

supercomplexes, what is established as the plasticity model (Acín-Perez and Enriquez, 2014). 
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Biologists Chance and Williams were the first to propose in 1955 the idea that respiratory enzymes 

assemble into larger complexes (Chance and Williams, 1955). However, it was not until 1985 when 

researchers began isolating Complex III/Complex IV supercomplexes from bacteria and yeast. 

Finally, in 2000 Schägger and Pfeiffer accomplished to isolate bovine mitochondrial membrane 

proteins showing Complex I, III and IV arranged in supercomplexes (Schägger and Pfeiffer, 2000; 

Wu et al., 2020). From then, scientific efforts combined with technological developments such as 

advances in super-resolution light microscopy have allowed the expansion of supercomplexes 

knowledge. 

 

The most common supercomplexes observed are Complex I/III, Complex I/III/IV and Complex 

III/IV, while most of Complex II is found in a free-floating form (Figure I-11). Complex V can be 

found between the other supercomplexes but hardly as part of the supercomplex unit. The 

assembly of supercomplexes appears to be dynamic because respiratory enzymes can vary 

between participating in large supercomplexes and being in a free state. It is not yet fully 

understood what induces changes in complex assembly but it seems to depend on the lipid 

composition of the mitochondrial membrane (Chaban et al., 2014; Letts et al., 2016; Vartak et al., 

2013; Vonck and Schäfer, 2009). 

 
Figure I-11. Schematic representation of the dynamic rearrangements of 

respiratory chain complexes. Taken from (Barrientos and Ugalde, 2013). 
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The functional purpose of supercomplexes is not completely clear, but more recent work is 

starting to decipher some of their roles. It has been hypothesized that the organization of 

respiratory enzymes into supercomplexes enhances metabolism efficiency and the catalytic 

activity of the ETC (Acín-Pérez et al., 2008; Cogliati et al., 2013). Incorporating the individual 

complexes into supercomplexes has also been suggested to reduce reactive oxygen species (ROS) 

production (Maranzana et al., 2013). Another consideration is that supercomplexes represent a 

physical adaptation of the respiratory system to its environment. As the IMM is an extremely 

protein-dense environment, the packed structure of supercomplexes provides a convenient way 

to allow more complexes to be jammed into the membrane while preventing unfavorable and 

irreversible interactions that can lead to aggregation or degradation of proteins (Genova and 

Lenaz, 2014; Hirst, 2018; Lapuente-Brun et al., 2013). 

 

In a significant number of human mitochondrial diseases the structure and mechanism of the 

mitochondrial electron transport chain is impaired. At present, one of the subjects undergoing 

intense study in the mitochondrial research field are the mechanisms that regulate the function 

and biogenesis of respiratory supercomplexes. Increased understanding in this area is clearly of 

great significance for understanding the roles of oxidative phosphorylation deficiencies in 

mitochondrial diseases (Milenkovic et al., 2017). 

 

2.3.  MITOCHONDRIAL OXIDATIVE STRESS 

 

Many diverse pro-oxidant and antioxidant processes are ongoing in mitochondria. Under 

physiological conditions these organelles generate small amounts of ROS, which are perfectly 

acceptable by the organism and beneficial by playing an important role in cell signaling. However, 

pathological situations that induce an imbalance, either by an increase in mitochondrial ROS 

production or by a defective eliminating capacity, can cause mitochondrial oxidative stress, the 

organelle dysfunction and lately, cell death. This alteration in the balance between mitochondrial 

pro-oxidant molecules and antioxidant systems plays a fundamental role in the development of 

numerous diseases (García‐Ruiz and Fernández‐Checa, 2018; Kurutas, 2016; Schieber and 

Chandel, 2014). 

 

2.3.1. Mitochondrial Reactive Oxygen Species 

 

ROS are formed as a natural byproduct of the normal metabolism of oxygen. The term includes 

diverse species that have unpaired electrons in the last orbital of its molecular structure, such as 

superoxide anion (O2·-) and radicals hydroxyl (·OH), peroxyl (RO2·), hydroperoxy (HO2·) and alkoxyl 
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(RO·). Also included in this group are non-radical O2-derived species such as hydrogen peroxide 

(H2O2). Among them, superoxide is a free radical with moderate reactivity, but its generation can 

lead to more reactive or secondary ROS derivatives. Indeed, superoxide can undergo dismutation 

to hydrogen peroxide, which can then be converted to the highly reactive hydroxyl radical in the 

presence of transition metals (Fe2+, Cu+) by means of the Fenton reaction (Phaniendra et al., 2015; 

Ribas et al., 2014). 

 

Most ROS are generated in mitochondria as by-products during the electron transport chain. The 

reduction of O2 to H2O in the ETC is incomplete, since between 0.2-2% of the electrons passing 

through the chain are lost giving rise to ROS. This loss mainly occurs in complex I and especially in 

complex III (Zhao et al., 2019). Other enzymes within these organelles not directly tied to the ETC 

are also sources of mitochondrial ROS such as the cytochrome CYP450 and the α-ketoglutarate 

dehydrogenase (α-KGDH), an important component of the Krebs cycle that contributes to ROS 

formation in a way that is dependent on the NADH/NAD+ ratio. Apart from mitochondria, ROS are 

also generated in other intracellular sites including cytosol, peroxisomes, plasma membrane and 

ER. Additional sources of ROS include exogenous agents such as pollutants, tobacco, xenobiotics 

or radiation. 

 

While small amounts of ROS are beneficial, excessive ROS levels can be harmful by inducing 

excessive oxidative stress that results in protein carboxylation, lipids peroxidation and DNA 

damage. Lipid peroxidation occurs in the presence of oxidizable fats and generates aldehyde 

groups such as 4-hydroxynonenal (4-HNE) and malondialdehyde (MDA). ROS alone and lipid 

peroxidation-derived aldehydes can then damage mitochondrial components such as mDNA and 

components of the ETC overall inducing mitochondrial and cellular dysfunction (Zhao et al., 2019). 

 

2.3.2. Mitochondrial antioxidant systems: Mn-SOD, Prx3/Trx2 and mGSH 

 

Despite the constant generation of ROS, evolution has allowed living aerobic organisms to adapt 

to the presence of these toxic species and to survive in oxygen-rich environments. This requires 

an effective defense system against them. ROS are neutralized by enzymatic systems such as 

superoxide dismutase, catalase and glutathione peroxidase, elements including copper, zinc, iron 

and selenium, as well as antioxidants such as vitamins A, C and E. Here we concentrate on the 

main mitochondrial ROS clearing systems: Mn-SOD, Prx3/Trx2 and mitochondrial glutathione 

(mGSH) (Figure I-12) (Ighodaro and Akinloye, 2018; Kurutas, 2016; Mailloux, 2018). 
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Figure I-12. Mitochondrial antioxidant strategies. Adapted from (García‐Ruiz and Fernández‐Checa, 2018). 

 

 Mn-SOD 

 

Superoxide dismutase (SOD) is an enzyme that transforms toxic superoxide into hydrogen 

peroxide and diatomic oxygen. It is considered the cell's most powerful enzymatic defense system 

against ROS since, to date, it is the only known class of enzyme able to autonomously eliminate 

superoxide anion in a biological system. Three families of SOD are currently known in mammals, 

each one defined by the metals utilized for stability and catalysis as well as the overall structure 

of the enzymes. The most primitive of the families is the Fe- or Mn-containing SODs. Fe-SOD is 

present in bacteria, archaea, protists and eukaryotic plants, while Mn-SOD is also found in all 

species ranging from archaea to eukarya. The second family of SODs possesses both Cu and Zn 

(CuZn-SOD). The CuZn-SOD’s are ubiquitous among plant and animal species, and are localized in 

the nucleus, cytoplasm, mitochondrial IMS, chloroplast and even the extracellular matrix. The last 

family is the Ni-containing SODs (NiSOD) and are mainly contained to marine bacteria and algae 

(Case, 2017). 

 

Among all SODs, Mn-SOD (or SOD2) is located in the mitochondrial matrix and is the first line of 

defense against mitochondrial superoxide (Figure I-12). Genetic modifications have been made in 

animals for many SOD enzymes by homologous recombination, but only the inactivation of SOD2 
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has had severe consequences on the phenotype causing neonatal death. SOD2-deficient mice 

have been reported to show primary effects such as the inactivation of some enzymes containing 

Fe-S centers such as mitochondrial complexes I and II, a high production of ROS and an inhibition 

of the ability to produce ATP (Melov et al., 1999). In fact, mutations in SOD2 have been associated 

with idiopathic cardiomyopathy, premature aging and cancer (Holley et al., 2011). 

 

 Prx3/Trx2 

 

Peroxiredoxins (Prx) are a ubiquitous family of antioxidant enzymes that play dominant roles in 

regulating peroxide levels. Prx catalytic mechanism is based on the oxidation of a redox-sensitive 

cysteine located in their active site to a sulfenic acid by the peroxide substrate. The recycling of 

the sulfenic acid back to a thiol is then performed by thioredoxins (Trx), which are kept in the 

reduced state by the enzyme thioredoxin reductase (TrxR) in a NADPH-dependent reaction (Figure 

I-12) (Perkins et al., 2015).  

 

Prx3 is the Prx isoform exclusively located in mitochondria and plays an essential role in 

mitochondrial H2O2 clearance. Prx5 is also present in these organelles but also in other subcellular 

compartments. Regarding to Trx family, Trx2 and TrxR2 are the isoforms present in mitochondria 

that work in combination with Prx3 (Chang et al., 2004; Cox et al., 2010). 

 

 mGSH 

 

Glutathione (GSH) was discovered in 1888 by De Rey-Pailhade and, over years of study, it is 

currently considered one of the cell's greatest antioxidant defense. GSH is a tripeptide that is 

synthesized in the cytosol from the amino acids glutamate, cysteine and glycine. Its chemical 

structure provides stability and gives it certain specific biological functions. The synthesis of GSH 

is carried out through two ATP-dependent stages (Figure I-12) (Meister, 1988a, 1988b): 

 

o 1st stage: it is the limiting stage of GSH synthesis and consists on the transformation of 

glutamate and cysteine into γ-Glu-Cys by the enzyme γ-glutamylcysteine synthetase (γ-

GCS) that is dependent on Mg2+ and Mn2+. This enzyme is physiologically regulated by two 

important factors: 1) competitive feedback inhibition, since GSH is capable of binding to 

the γ-GCS site through which glutamate binds, and 2) the intracellular availability of 

cysteine. 

 

o 2nd stage: the second step of GSH synthesis is controlled by the enzyme glutathione 

synthetase (GS) that catalyzes the condensation of γ-Glu-Cys and glycine to form GSH. 
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In contrast to synthesis, which occurs at the intracellular level, GSH degradation occurs in the 

extracellular space and only in cells that express the enzyme γ-glutamyltranspeptidase (γ-GGT) on 

their membrane surface. 

 

Glutathione exists in reduced (GSH) and oxidized (GSSG) states. In the reduced state, the thiol 

group of cysteine in GSH is able to donate a reduction equivalent to unstable molecules such as 

free radicals in order to neutralize them. Furthermore, GSH can reduce peroxides including H2O2 

by the action of glutathione peroxidase (GPXs) (Figure I-12). Apart from neutralizing ROS, GSH is 

also responsible for the detoxification of xenobiotics or their metabolites. These electrophilic 

compounds are conjugated with GSH either spontaneously or with the help of the glutathione-S-

transferase (GST) giving rise to mercapturates that will be subsequently eliminated. The result of 

all these reactions is GSSG, which in the presence of NADPH is reduced again by the GSH reductase 

(GR) (Traverso et al., 2013). The ratio of GSH to GSSG within cells is a measure of cellular oxidative 

stress. In healthy cells and tissues, up to 98% of the total glutathione pool is in the reduced form, 

with the remainder in the disulfide form. Thus, an increased GSSG-to-GSH ratio is indicative of 

oxidative stress. GSH levels, and therefore the redox status of the cell, is a dynamic process that 

depends on the balance between the rate of synthesis of GSH, the flow of GSH and GSSG, the use 

of GSH by various enzymes and the levels of NADPH (Owen and Butterfield, 2010). 

 

GSH is synthesized in all mammalian cells but the major organs that regulate GSH and cysteine 

homeostasis are the liver, lungs and kidneys. The liver releases GSH into the blood plasma and 

bile, while the kidney releases it into the tubules. GSH is distributed in intracellular organelles, 

including the ER and the mitochondria. Apart from these organelles, GSH can also be found in the 

nucleus. GSH transport from the cytosol to the mitochondria occurs by transporters located on 

the IMM and it is an essential process for ensuring a proper antioxidant defense in the organelle. 

The dicarboxylate (DIC) and 2-oxoglutarate (OGC) carriers have been established as mGSH 

transporters in liver and kidney. Their activity has been reported to be impaired by changes in 

mitochondrial membrane physical properties, such as the increase of cholesterol content (more 

details are given in section 2.4.2) (Barbero-Camps et al., 2014, 2013; Bosch et al., 2011; Caballero 

et al., 2009; Colell et al., 1997; Fernández et al., 2013, 2009b; Llacuna et al., 2011; Lluis et al., 2003; 

Marí et al., 2006). 

 

In mitochondria the GSH is mainly in its reduced form and represents a minor portion of the total 

cellular glutathione (10%-15%). Accumulation of mitochondrial ROS due to a decrease in mGSH 

leads to not only mitochondrial damage but also the oxidization of cytoplasmic components 

overall affecting cell function. mGSH is also crucial in the regulation of the mitochondrial 
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permeability transition, which is usually important in the processes of necrosis and apoptosis 

(Fernández-Checa et al., 1998; Ribas et al., 2014).  

 

2.4. CHOLESTEROL IN MITOCHONDRIA  

 

2.4.1.  mCholesterol transporter StARD1 

 

As exposed in section 1.5, the mitochondrial membrane accommodates a low fraction of the total 

cholesterol content of the cell. This small pool of cholesterol in the mitochondria plays a 

fundamental physiological role both in the synthesis of bile acids in hepatocytes and in the 

synthesis of steroidogenic hormones in specialized tissues. The activity of these pathways mainly 

depends on the cholesterol availability and in the mCholesterol import machinery. 

 

There are several routes responsible for cholesterol transport from different sources to 

mitochondria. This lipid is primarily transported to mitochondria through lipid transfer proteins at 

membrane contact sites or by diffusible lipid transfer proteins acting in the cytosol (Elustondo et 

al., 2017; Scharwey et al., 2013). The transfer of cholesterol across membrane contact sites 

between mitochondria and other subcellular compartments is supported by several lines of 

evidences, but still requires direct experimental proof in many cases. For instance, the presence 

of acetyl-CoA acyltransferase and HMG-CoA reductase in the mitochondria-associated ER 

membranes (MAM) suggests a role for these membranes in mCholesterol import (Rusiñol et al., 

1994; Vance, 2014). StART family of proteins are the best known example of molecules involved 

in the trafficking of cholesterol to mitochondria (Alpy and Tomasetto, 2005; Miller, 2007a; 

Tugaeva and Sluchanko, 2019). Among their members, the major role of supplying mitochondria 

with cholesterol belongs to the steroidogenic acute regulatory protein (StARD1), named due to its 

role in the active phase of steroidogenesis. 

 

StARD1 is a highly conserved protein that contains a C-terminal functional StART domain 

responsible for lipid binding, and an N-terminal leader sequence targeting it to mitochondria. The 

resulting structure creates a hydrophobic cavity that can bind and accommodate one molecule of 

cholesterol at a time (Tsujishita and Hurley, 2000) (Figure I-13). The cholesterol orientation in the 

protein cavity has been long discussed with recent studies showing that even within the same 

StART family of proteins the position of cholesterol in the pocket differs (Kumar et al., 2018; 

Sluchanko et al., 2017). 

 

StARD1 is synthesized de novo as needed and all stages of its biosynthesis are under strict control 

to ensure precise amounts of the active protein in the cell (Figure I-13). Its transcription is 
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regulated by a wide-range of transcription factors (TFs) that are predominantly activated by 

regulators of steroidogenesis through cAMP-PKA signaling pathway. Hormones such as luteinizing 

hormone (LH) and follicle-stimulating hormone (FSH) are among these TFs activators (Lavoie and 

King, 2009). After transcription, some of the synthesized StARD1’s mRNAs are degraded after 

binding with the ncRNA let-7. Remaining mRNAs are transported from the nucleus to the 

cytoplasm, where the full-size protein of 285 amino acids and 37 kDa is synthesized (Tugaeva et 

al., 2020). StARD1 is then subjected to some post-translational modifications such as 

phosphorylation. Phosphorylation at Ser57 and Ser195 by PKA seem to regulate mitochondrial 

import and protein activity, respectively. ERK1/2 phosphorylation at Ser233 enhances protein 

association with the OMM and protects StARD1 from too early degradation in the matrix. StARD1 

then moves towards mitochondria, where it interacts with other proteins forming a multi-protein 

complex named transduceosome in the OMM. This complex includes StARD1, the Translocator 

protein (TSPO), the voltage dependent anion channel 1 (VDAC1), the TSPO-associated protein 7 

(PAP7, also known as ACBD3), the protein kinase A regulatory subunit 1α (PKAR1α) and the the 

ATPase family AAA domain-containing 3A (ATAD3a) protein (Figure I-13) (Issop et al., 2013; Li and 

Rousseau, 2012; Miller, 2013; Rone et al., 2012). Although the role of every individual protein has 

been more or less defined, the working mechanism of the whole complex has not yet been 

identified. 

 

TSPO stands out among these proteins. With its 5 transmembrane helices inserted in the OMM, 

TSPO forms a pore-like arrangement that contains a cholesterol binding motif (Jamin et al., 2005). 

TSPO ligands have been shown to alter steroidogenesis and mCholesterol distribution in different 

animal and cellular models (Lacapère and Papadopoulos, 2003; Papadopoulos, 2003). 

Interestingly, depletion of TSPO decreases steroidogenesis even in the presence of StARD1, 

suggesting that both StARD1 and TSPO proteins are indispensable molecules for mCholesterol 

import (Hauet et al., 2005). The importance of TSPO has been further reported by studies using 

TSPO mutant mice models in which this protein is crucial for murine development as well as for 

hormone-driven steroidogenesis (Fan et al., 2015). Although all these findings have considered 

TSPO essential for mitochondrial steroidogenesis, recent investigations have disassociated it from 

this process, remaining its steroidogenic role currently unclear (Hadjiivanova, 2009; Morohaku et 

al., 2014; Selvaraj et al., 2015; Stocco, 2014). 

 

Apart from being located in the OMM as part of the transduceosome, StARD1 can also enter the 

mitochondrial matrix, where the N-terminal sequence of 63 amino acids is cleaved resulting in the 

mature protein form of 30 kDa that is involved in steroidogenesis. Ultimately, it undergoes 
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degradation by a wide range of proteases including ATP-dependent Lon protease and AFG3L2 

among others (Artemenko et al., 2001; Tugaeva et al., 2020). 

 

 

Figure I-13. StARD1 regulation in humans. Taken from (Tugaeva and Sluchanko, 2019). LH: Luteinizing hormone, ACTH: 

adrenocorticotropic hormone, hCG: human chorionic gonadotropin, FSH: follicle-stimulating hormone, AII: angiotensin 

II, SF-1: steroidogenic factor 1,  LRH-1: liver receptor homolog 1, NGFIB=Nur77: nerve growth factor IB, Nurr1: nur-

related protein 1, Nor1: neuron-derived orphan receptor 1, GATA 4: GATA Binding Protein 4, GATA 6: GATA Binding 

Protein 6, C/EBPβ: CCAAT/enhancer binding protein β; CREB: cAMP response element binding proteins, CREM: cAMP 

response element modulator, SREBP: sterol regulatory element binding protein, DAX1: dosage-sensitive sex reversal 

(DAX 1) and Yin Yang 1 (YY1). Solid lines, TF activation; dashed lines, TF inhibition.  

 

StARD1 loss-of-function mutations lead to congenital lipoid adrenal hyperplasia, an illness 

characterized by impaired synthesis of steroid hormones. In addition, modifications in StARD1 

expression have been shown to cause alterations in cellular sterol metabolism since StARD1 

overexpression in hepatocytes increases bile acid production as opposed to StARD3 (Pandak et 

al., 2002; Ren et al., 2004). StARD1 has also been related to different diseases characterized by 

mCholesterol accumulation such as neurologic disorders including Alzheimer’s disease and Down 

syndrome and hepatic diseases like acetaminophen-induced acute liver failure and nonalcoholic 

steatohepatitis (Arenas et al., 2020; Caballero et al., 2009; Torres et al., 2019).  
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2.4.2. Effects of mCholesterol accumulation on mitochondrial functionality 

 

Alterations in mCholesterol levels by either deficient cholesterol clearance or excessive import 

can lead to accumulation of this lipid in mitochondrial membranes. This event can compromise 

cell function and viability as it triggers mitochondrial dysfunction at several levels. Many model 

systems of mCholesterol enrichment in vitro and mitochondria isolated from cells with 

(patho)physiological mCholesterol accumulation clearly establish that the accumulation of this 

lipid in mitochondria affects the organelle function (Figure I-14) (García-Ruiz et al., 2009; Martin 

et al., 2016): 

 

 Biophysical changes in mitochondrial membranes: it is known that cholesterol regulates the 

organization of the membrane giving rise to the coexistence of ordered and disordered lipid 

phases that regulate the permeability of the membrane and the function of the resident 

proteins. It has been observed in different animal models that elevated mCholesterol levels 

lead to a decrease of the membrane fluidity (Baggetto et al., 1992; Colell et al., 2003; Montero 

et al., 2008; Paradis et al., 2013). This increase in membrane rigidity correlates with the degree 

of cholesterol enrichment and can be reversed by cholesterol extraction using methyl-β-

cyclodextrin (Bosch et al., 2011; Montero et al., 2008; Ziolkowski et al., 2010). Another 

biophysical consequence of mCholesterol accumulation is a decrease in the IMM passive 

proton permeability (Baggetto et al., 1992). 

 

 Impaired mGSH import: an increase in mCholesterol levels leads to reduced α-ketoglutarate 

transport and impaired GSH import into mitochondria (Barbero-Camps et al., 2014, 2013; 

Bosch et al., 2011; Caballero et al., 2009; Colell et al., 1997; Fernández et al., 2013, 2009b; 

Llacuna et al., 2011; Lluis et al., 2003; Marí et al., 2006). This fact is linked to the increased 

mitochondrial membrane rigidity by cholesterol accumulation since fluidization of 

mitochondrial membranes restores the transport capacity of GSH into the mitochondria (Coll 

et al., 2003; Lluis et al., 2003). mCholesterol-induced GSH depletion is a molecular mechanism 

underlying many different pathologies as various studies using nutritional and genetic 

experimental models have linked this pathway to a wide-range of diseases such as Alzheimer’s 

disease, NPC disease, hepatic diseases and obesity. In some of these diseases, GSH depletion 

by mCholesterol enrichment sensitizes cells to inputs such as LPS or inflammatory cytokines 

leading to further mitochondrial damage and cell death (Colell et al., 1997; Coll et al., 2003; 

Fernández et al., 2009b; Fernández-Checa et al., 1991; Marí et al., 2006). Treatment with a 

membrane-permeable glutathione ethyl ester prevents mitochondrial dysfunction and cell 

death in several cell models with increased mCholesterol levels, indicating that the depletion 
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of mGSH is a key factor in the pathological consequences of mCholesterol accumulation (Ha 

et al., 2012; Murphy, 2011; Ribas et al., 2014; Torres et al., 2017b). 

 

 Alterations in mitochondrial permeability transition and apoptosis: it has also been seen in 

isolated mitochondria that variations in cholesterol levels are capable of modulating the 

mitochondrial response against apoptotic stimuli. Increased mCholesterol levels have been 

reported to inhibit permeability transition pore opening after exposure to the ANT ligand 

atractyloside, ROS or high calcium levels (Colell et al., 2003; Montero et al., 2010, 2008). 

 

 Potential modification of mitochondrial bioenergetics: several studies have reported 

consequences of mCholesterol accumulation on bioenergetics. However, the underlying 

mechanisms vary among model systems and are not yet fully understood. While some 

investigations have found decreases in ATP synthesis, ATP hydrolysis or respiration in 

mitochondria enriched with cholesterol (Baggetto et al., 1992; Campbell and Chan, 2007; 

Echegoyen et al., 1993; Yu et al., 2005), other studies have found no effects of increased 

mCholesterol levels on respiration (Colell et al., 2003; Dietzen and Davis, 1994). This 

controversy may in part be due to different experimental conditions and different 

mechanisms of mitochondrial import as mCholesterol increase in the OMM or in both 

mitochondrial membranes can have different functional implications. 

 

 

Figure I-14. Effects of mCholesterol accumulation on mitochondrial 

functionality. Adapted from (García-Ruiz et al., 2017). 

 

Although many mechanisms regarding cholesterol-mediated mitochondrial dysfunction have 

been deciphered in the last years, some aspects still require further clarification. For instance, the 

specific effects of mCholesterol accumulation on mitochondrial bioenergetics still remain 

inconclusive as it is still not clear whether mCholesterol levels impact on mitochondrial respiration 
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and how. The organization of functional respiratory complexes in relation to mCholesterol 

accumulation has also been never approached. In addition, many of these studies regarding 

mCholesterol in disease have characterized mitochondrial function in a (patho)physiological 

model with elevated mCholesterol levels, which makes it difficult to distinguish between 

functional effects caused by mCholesterol or also by other pathological factors. Models 

specifically involving targeted manipulations of mCholesterol import and content will thus allow 

better conclusions about the functional consequences of altered mCholesterol levels. 

 

2.4.3. mCholesterol in disease 

 

As previously stated, mCholesterol enrichment and the above mentioned causative effects 

underlie the pathogenesis of many chronic diseases such as cardiovascular disorders, cancer and 

Alzheimer's disease. In addition, other studies have shown an association between increased 

mCholesterol levels and liver injury (Arenas et al., 2020; Baggetto et al., 1992; Baggetto and Testa-

Parussini, 1990; Ballinger, 2005; Barbero-Camps et al., 2014; Colell et al., 2003; Coll et al., 2003; 

Crain et al., 1983; Domínguez‐Pérez et al., 2019; Feo et al., 1975; Fernández et al., 2009b; Marí et 

al., 2014, 2006; Mei et al., 2012; Montero et al., 2008; Ribas et al., 2016; Torres et al., 2019, 

2017b). While the participation of cholesterol in the pathogenesis of certain vascular and cardiac 

diseases is well studied, the specific contribution of this molecule on other disorders in which 

cholesterol, and especially its mitochondrial fraction play a critical role, remains not fully 

understood. This is the case of hepatic diseases such as ALD as well as NPC disease, in which not 

only the liver but also the brain and the spleen are affected. Thus, further investigation of the 

cholesterol-driven pathological mechanisms involved in these two diseases is relevant for the 

diseases understanding and future potential treatment. 

 

3. THE LIVER 

 

The liver is the largest gland in the body and the second biggest organ after skin weighing about 

1.5Kg in adult humans. In terms of function, it is one of the most important organs since it 

performs a wide range of metabolic activities required for homeostasis, nutrition and immunity. 

It stands out for being the body’s master detoxifier of drugs and other foreign substances and an 

essential metabolizer of fat, carbohydrates and proteins. Terms related to liver usually carry the 

prefix hepa-, from the Ancient Greek ἡπατικός (hēpatikós, “of the liver”). 

 

 

3.1. LIVER ANATOMY 
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3.1.1. Hepatic vascular system and biliary tract 

 

The main function of the liver is to remove waste and toxic products and process nutrients and 

medicines carried by the blood so that the latter can reach other tissues. There are two distinct 

sources that supply blood to the liver (Figure I-15): 

 

 Hepatic portal vein: all the blood that passes through the gastrointestinal tract, gallbladder, 

pancreas and spleen is delivered to the liver by the hepatic portal vein. This portal blood 

carries not only nutrients but also drugs and toxins or byproducts of blood-cell recycling that 

have been absorbed in the intestine or produced in the spleen. 

 

 Hepatic artery: the liver also receives blood carrying oxygen by the hepatic artery that comes 

from the aorta and the latter from the heart. 

 

Immediately before entering the liver and in order to reach all the hepatic tissue, both portal vein 

and hepatic artery ramify into smaller vessels. Portal venules and hepatic arterioles are the final 

result of such ramifications. Blood carried by these vessels ultimately mixes together in the 

hepatic sinusoids, which are hepatic vascular spaces lined by a fenestrated endothelium. 

Hepatocytes, the chief functional units of liver, are tightly packed around this endothelium, having 

thus easy access to the oxygen, nutrients, toxins and waste materials carried by the blood. After 

processing the blood borne nutrients and removing toxins, hepatocytes release nutrients needed 

by other cells back into the sinusoids. Clean blood then drains into the central veins ending up in 

the hepatic veins and, finally, the inferior cava vein (Figure I-15). The inferior cava vein collects 

deoxygenated blood from not only the liver but also the abdomen, pelvis and lower limbs and 

carries it to the right atrium of the heart. The heart energetically pumps the nutrient-rich blood 

first to the lungs to take up some oxygen and then to all other cells in the body (Lautt, 2009). 

 

Aside from the hepatic vascular system, another important structure present in the liver is the 

biliary tract, a series of channels and ducts that carry bile from the liver to the intestine. Along the 

sinusoid, hepatocytes are welded together by junctional complexes to form bile canaliculi, the 

first channel in the biliary system. These small tubes accumulate the bile produced by 

hepatocytes. From here, bile flows in the opposite direction to blood flow, first into bile ductules, 

and finally into the bile duct (Figure I-15). This duct then joins with the cystic duct from the 

gallbladder, forming the common bile duct through which bile flows into the small intestine. 
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Portal triads are distinctive arrangements in the hepatic tissue that consist of one terminal portal 

venule, one hepatic arteriole and one or two small bile ductules as well as other structures such 

as lymphatic vessels and branches of the vagus nerve (Arias et al., 2011) (Figure I-15). 

 

 

Figure I-15. Microscopic anatomy of the liver showing the hepatic vascular system and the biliary tract. 

Vessels in red and blue carry oxygenated and deoxygenated blood, respectively. At the bottom part of the 

figure: normal white arrows highlight bile flow from hepatocytes next to central vein to portal triad; dashed 

white arrows highlight the blood flow from the portal to the central zone. Adapted from (Amsel, 2005). 
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3.1.2. Liver tissue organization 

 

There are different ways of dividing the hepatic parenchyma into units. Among them, three 

classifications can be distinguished (Figure I-16) (Fu et al., 2018; “Junqueira’s Basic Histology: Text 

and Atlas, 15e | AccessMedicine | McGraw-Hill Medical,” 2013). 

 

 

Figure I-16. Structural and functional units of the hepatic parenchyma: (a) classic liver lobule, (b) portal lobule 

and (c) hepatic acinus. Taken from (“Junqueira’s Basic Histology: Text and Atlas, 15e | AccessMedicine | McGraw-

Hill Medical,” 2013). 

 

a) Classic hepatic lobule: It is the traditional and most common description of the hepatic 

parenchyma. The liver is organized into hexagonal lobules, which are delimited by six portal 

triads and have one central vein in the middle. Sinusoids are radially distributed from portal 

triads to the central vein surrounding the hepatocytes. In these hepatic lobules the blood flow 

is centripetal, while the biliary flow is centrifugal. This lobular organization of the human liver 

is not immediately evident under the microscope since lobules do not have distinct 

boundaries (Figure I-16a). 

 

b) Portal lobule: In this classification the lobule has a triangular shape. One portal triad is located 

in the middle of the lobule and it is limited by the three closest central veins. This model 

emphasizes hepatic exocrine functions since it shows the biliary flow from the hepatocytes 

next to the central vein to the bile duct at the portal triad (Figure I-16b). 
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c) Hepatic acinus: The hepatic parenchyma adopts a rhomboidal shape where the shortest axis 

would go from one portal triad to another, and the long one would go from one central vein 

to another one. This functional unit that correlates the blood perfusion in the parenchyma is 

known as hepatic acinus and reveals three different metabolic zones in the liver: zone I or 

periportal, zone II and zone III or perivenous (Figure I-16c). The metabolic differences 

between these three zones leads to a particular phenomenon known as hepatic zonation. 

 

3.2. HEPATIC ZONATION 

 

The liver is not a uniform mass of cells that performs all functions equally. Blood flow from the 

portal triad to the central vein creates gradients of oxygen, nutrients and hormones along the 

hepatic acinus, which give rise to a highly variable microenvironment. Aside from this spatial 

variability, most liver tasks are heterogeneously carried out by different subsets of hepatocytes, 

a division of function that is linked to the anatomical structure of the liver. This separation of 

metabolic pathways along the hepatic acinus is known as liver zonation (Ben-Moshe and Itzkovitz, 

2019). 

 

Hepatic zonation breaks the hepatic acinus into three distinct zones. Each zone possesses 

hepatocytes that receive different gradients of oxygen and nutrients, and that have differential 

metabolic gene expression and functionality (Kusminski and Scherer, 2018). Thus, depending on 

their location, hepatocytes within the liver assume distinct biochemical programs (Ben-Moshe 

and Itzkovitz, 2019). Zone 1, or periportal (PP) region, is the first to receive the blood coming from 

the portal vein and the hepatic artery. With oxygen and nutrient rich conditions prevailing, there 

is a subset of oxygen demanding pathways that are preferentially located in the PP region. 

Mitochondrial β-oxidation, gluconeogenesis and glycogen synthesis predominantly occur in this 

zone. Hepatocytes next to the portal triad are also mainly involved in ureagenesis, amino acid 

breakdown and cholesterol biosynthesis. Zone 3, or perivenous (PV) region, is composed by the 

hepatocytes close to the central vein. This subset of cells mostly takes care of glycolysis, 

lipogenesis, ketogenesis and triglycerides synthesis as well as alcohol detoxification. Zone 2, 

although it does not have any specific limitation in terms of oxygen and nutrients, it has 

intermediate characteristics between the other two zones (Figure I-17). Experts in the field have 

provided a panel of landmark genes that can be considered for distinguishing PP and PV areas 

when studying liver zonation: the PV zonated genes Glul and Cyp2e1 and the PP zonated genes 

Ass1, Asl, Alb and Cyp2f2 (Ben-Moshe and Itzkovitz, 2019; Halpern et al., 2017). This heterogeneity 

along the hepatic acinus appears to be a prerequisite for the effective functioning of the whole 
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liver in nutrient metabolism and in a multitude of other roles (Gebhardt and Matz-Soja, 2014; 

Jungermann and Keitzmann, 1996). 

 

 

Figure I-17. Zonation of different biochemical pathways in the 

liver. Taken from (Kusminski and Scherer, 2018).  

 

The fact that each zone performs different functions is driven by substrate availability. However, 

there is a higher order imposed by specific regulatory factors that also contributes to establishing 

this differential metabolic structure in the liver. One of the best well-known mechanisms is the 

Wnt/β-catenin pathway, which is involved in cell development, differentiation and cellular 

homeostasis. The Wnt pathway is most active in the PV region where it triggers the expression of 

PV genes (Figure I-17). The adenomatous polyposis coli (APC) is one of the key negative regulators 

of Wnt signaling and, as such, governs the activity of the pathway along the hepatic acinus. 

Another mechanism involved in hepatic zonation is the Ras/MAPK/ERK signaling pathway, which 

is the PP equivalent of the Wnt pathway. Thus, it directly induces components of pathways that 

predominate in the PP region. Another driver for PP gene expression is the hepatocyte nuclear 

factor 4 alpha (HNF4α), which also suppresses PV genes by acting as a modulator of β-catenin 

(Colletti et al., 2009; Gougelet et al., 2014; Kusminski and Scherer, 2018; Stanulović et al., 2007). 

 

In the last decades, hepatic zonation of gene expression and biochemical pathways together with 

its regulatory mechanisms have been profoundly studied and established. However, its 

physiological significance is emerging at a lower speed. Nowadays, liver zonation is an 

underestimated phenomenon that should be more often considered when studying hepatic 

metabolism since performing gene expression and metabolomics on the entire hepatic extract 

instead of focusing on specific liver areas can completely obscure existing differences in the organ. 
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3.2.1. Methods for studying hepatocyte heterogeneity 
 

Liver zonation can be nowadays studied via different techniques. Conclusions drawn from the 

different zonal hepatic studies largely depend on the methodology used, since each method 

approaches liver heterogeneity in its own specific way. It is thus important to know all the 

available techniques as well as their strengths and weaknesses. 

 

3.2.1.1. Histochemistry, immunohistochemistry and in situ hybridization 
 

The earliest studies on liver zonation date back as early as 1856. These first investigations used 

histochemistry, immunohistochemistry and in situ hybridization techniques (Beale, 1856; 

Chiquoine, 1953; Deane, 1944; Kater, 1933). Histochemistry combines the techniques of 

biochemistry and histology for visualization of biological structures in tissue sections allowing, 

under certain circumstances, quantitative description of their distribution. However, in some 

cases these methods suffer from inadequate fixation, limited specificity of the reactions and zonal 

differences in substrate affinities. Technique specificity can be greatly enhanced by using 

immunohistochemistry. However, this method also needs to be carefully evaluated in order to 

avoid artifacts due to fixation and antibody penetration. A good complement of 

immunohistochemistry is in situ hybridization (ISH), which reveals mRNA distribution in the tissue 

with even higher specificity. Recently developed single-molecule fluorescence ISH (smFISH) is an 

alternative to traditional ISH that enables measuring the absolute numbers of mRNA molecules in 

cells in situ. This approach has lately enabled the generation of a global expression map of liver 

zonation with high spatial resolution (Ben-Moshe and Itzkovitz, 2019; Gebhardt, 1992; Halpern et 

al., 2017; Jungermann and Katz, 1982). 

 

3.2.1.2. Microdissection and microbiochemistry 
 

Liver microdissection followed by microbiochemical determination of enzyme activities or 

metabolite concentrations to investigate hepatic zonation emerged almost in parallel with 

immunohistochemistry techniques and has evolved over time. Microdissection allows the 

investigator to visually select the hepatic areas of interest and to separate them cleanly from the 

background tissue (Hunt and Finkelstein, 2004). The first method used was manual 

microdissection, which involves the use of a standard or inverted microscope. The main 

disadvantage of this method is that it cannot discriminate between parenchymal and non-

parencymal cells. Another method related to microdissection that have been used to study liver 

zonation is the micropunch plug technique, which consists on collecting cylindrical plugs of PP and 

PV areas of a liver. Despite being very efficient, this technique requires previous animal feeding 
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with sodium phenobarbital, which enhances the color contrast between PP and PV regions 

allowing their posterior distinction (Gebhardt, 1992; Jungermann and Katz, 1982; Misra et al., 

1988). Collection of intact tissue from PP and PV zones has also been recently performed by laser-

capture microdissection. This method avoids tissue damage and extracted RNA can be directly 

used for microarray studies. However, like manual microdissection, it cannot discriminate 

between different contributions of hepatocytes and non-parenchymal cells (Gebhardt and Matz-

Soja, 2014; Saito et al., 2013). 

 

3.2.1.3. Separation of periportal and perivenous hepatocytes by liver perfusion 
 

Liver perfusion is one of the most powerful methods for studying liver functional heterogeneity. 

Separation of isolated hepatocytes into PP and PV fractions was first attempted by separating the 

cells according to density by equilibrium density centrifugation, density and shape by 

sedimentation velocity centrifugation, and by specific adsorption chromatography. However, only 

partial separations of PP and PV hepatocytes were achieved, which were not sufficient for the 

desired metabolic characterization of the cell populations (Jungermann and Katz, 1982). Later, the 

digitonin-collagenase perfusion method emerged as an outstanding approach that enabled the 

isolation of massive amounts of cells enriched for PP or PV hepatocytes (Lindros and Penttilä, 

1985; Quistorff et al., 1985; Quistorff and Grunnet, 1987). In this method, the detergent digitonin 

is perfused to the liver in either an orthograde or a retrograde direction to selectively damage PP 

or PV hepatocytes, respectively. This process ensures the enrichment of undamaged cells in the 

desired zone of interest, which can then be dissociated using collagenase. The method efficiency 

and the quality of hepatocytes separation needs to be later checked based on different enzymatic 

expression between both cell types. Despite being a powerful technique, it also has some 

drawbacks: it is technically challenging, it suffers from the more or less severe damage of the cells 

during the isolation procedure, and each enriched PP and PV subfraction has to be prepared from 

different livers thus increasing the amount of animals that need to be used. 

 

3.2.1.4. Light and electron microscopy 
 

Hepatic zonation can also be studied by using light and electron microscopy as these approaches 

allow the visualization of hepatocyte structure and ultrastructure from the different hepatic 

regions. However, despite being very visual and informative tools, they require from a certain 

expertise in order to recognize the different hepatic zones. Selecting the areas containing central 

veins, portal tracts or both is an essential step to ensure proper analysis. Some studies have used 

this technique to analyze the effect of fasting or liver regeneration after partial hepatectomy on 
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ultrastructural zonal heterogeneity of hepatocytes and their organelles within the hepatic acinus 

(Elsayed et al., 2019; Ferri et al., 2005). 

 

3.3. LIVER CYTOLOGY 
 

The liver is composed by several cell types of different embryological origin that interact between 

each other and with the extracellular matrix. The diverse liver functions are mostly performed by 

hepatocytes. Liver non-parenchymal cells, i.e., liver endothelial cells, kupffer cells, hepatic stellate 

cells, biliary epithelial cells (cholangiocytes) and additional immune cell populations, support 

hepatocyte function (Figure I-18) (Jungermann and Keitzmann, 1996; Kmiec, 2001; Trefts et al., 

2017). 

 

o Hepatocytes: these cells constitute 80% of the liver mass and 60% of its cell composition 

(Godoy et al., 2013). They are the primary epithelial cell population of the liver. Hepatocytes 

are highly metabolically active thus their cytoplasm is enriched in organelles such as 

mitochondria, lysosomes, rough and smooth endoplasmic reticulum and Golgi apparatus. It 

also contains glycogen inclusions and lipid vesicles. These cells play a role in a wide variety of 

secretory, metabolic and endocrine functions. Hepatocytes are polarized: they face the 

sinusoids with their basolateral surface and form the bile canaliculi with their apical 

membrane. The sinusoidal domain contains microvillus, which allow the exchange of 

nutrients/metabolites and O2/CO2 with the blood (Figure I-18).  

 

o Endothelial cells: this cell type forms the fenestrated sinusoidal walls. Their organization is 

critical for maintaining certain barrier functions while allowing the exchange of proteins and 

particles between the sinusoidal lumen and the other hepatic cell types (Figure I-18). Besides, 

these cells have a high pinocytic activity that allows the removal of most of the residues that 

are in the plasma. They are also capable of producing endothelin-1, a vasoconstrictor factor. 

 

o Kupffer cells: they are specialized macrophages that reside between endothelial cells in the 

sinusoids. Together with endothelial cells, they are the first barrier against cellular and 

molecular residues introduced through the portal circulation (Figure I-18). They phagocyte 

aged erythrocytes, dead hepatocytes and other antigens such as bacteria. Kupffer cells can 

also act as antigen-presenting cells and secrete chemokines and cytokines such as TNFα and 

IL1β to coordinate an inflammatory response against a parenchymal damage. Due to their 

role in inflammation, they are key players of different liver disorders such as steatohepatitis 

and ischemia-reperfusion injury. 
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o Hepatic stellate cells: they constitute the 10-15% of hepatic population. They are located in 

the Disse space, the area between hepatocytes and the sinusoids (Figure I-18). They represent 

a dynamic cell population that can exist in a quiescent or activated state. In physiologic 

conditions, their main function is the accumulation of Vitamin A in lipid droplets. These cells 

are also involved in the production, secretion and degradation of collagen and other 

components from the extracellular matrix. Following hepatic injury, they get activated and 

converted into myofibroblasts. In this state, they lose all vitamin A stores and increase 

extracellular matrix and collagen synthesis leading to hepatic fibrosis and, lately, cirrhosis.  

 

o Cholangiocytes: these cells represent around the 3-5% of all hepatic cells. They compose the 

biliary conducts (Figure I-18). Their main function is to depurate and modify the hepatocytes 

biliary secretion. 

  

 

Figure I-18. Hepatic cells and their location in a liver lobule. Taken from (Adams and Eksteen, 2006). 

 

3.4. LIVER PHYSIOLOGY 
 

The liver is a multi-tasking organ that performs diverse functions critical for maintaining 

physiological homeostasis. It dynamically controls the metabolite content of the body by storing 

nutrients and releasing them in a regulated manner when there is an energetic demand by other 

extra-hepatic organs. Besides, the liver performs elaborate detoxification processes, forming a 

crucial line of defense against pathogens and xenobiotics. It also has exocrine and endocrine 

functions by producing bile acid and hormones respectively. The liver is also one of the main 
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protein synthesis sites in the body (Ben-Moshe and Itzkovitz, 2019; Chiang, 2014; Kalra and Tuma, 

2020; Michalopoulos, 2007; Trefts et al., 2017). 

 

3.4.1. Metabolic functions 
 

o Proteins: protein metabolism in the liver is essential for the individual. The oxidative 

deamination of amino acids to use them as a source of energy or to synthesize lipids and 

carbohydrates is a specific hepatic function. The toxic ammonia generated in this process is 

then neutralized into urea via the urea cycle and released to the plasma so that kidneys can 

uptake it and eliminated through the urine. 90% of plasmatic proteins such as albumin and 

other coagulation factors are synthesized in the liver.  Besides, the liver can produce all non-

essential amino acids and other compounds derived from them (Chiang, 2014; Trefts et al., 

2017).  

 

o Lipids: in the liver, fatty acids are stored as triglycerides, which are composed by glycerol and 

free fatty acids. The latest will go to mitochondria in order to be catalyzed via β-oxidation and 

become acetyl-CoA, which will then undergo Krebs cycle resulting in a high amount of energy 

production. This process is not liver specific since it also takes place in other organs. However, 

the liver is the only capable of converting acetyl-CoA into acetoacetate, beta-hydroxybutyrate 

or acetone, overall known as ketone bodies. This process allows the subsequently distribution 

of ketone bodies into other organs where they can be re-converted into acetyl-CoA and be 

used as a source of energy for the tissue. This unique liver function is essential during periods 

of low food intake, carbohydrate restrictive diets, starvation or prolonged intense exercise in 

order to feed other organs and satisfy their energy demand. Besides, the liver synthesizes 

phospholipids and cholesterol. Phospholipids and around 20% of cholesterol are transported 

in lipoproteins to other tissues in order to create cellular membranes and other structures 

and compounds. The other 80% of cholesterol will become part of biliary salts. Liver can also 

synthesize fatty acids from proteins and carbohydrates, which are transported to the adipose 

tissue (Chiang, 2014; Trefts et al., 2017). 

 

o Carbohydrates: the liver plays a central role in maintaining blood glucose levels since it can 

store and release glucose when the body needs it. This organ can also synthesize glucose from 

amino acids, lactate, pyruvate and glycerol via gluconeogenesis (Figure I-19) (Chiang, 2014; 

Trefts et al., 2017). 
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Figure I-19. Major hepatic metabolic functions. Taken from (Chiang, 2014). 

 

3.4.2. Storage functions 
 

o Glycogen: glycogen is a multibranched polysaccharide of glucose that represents the main 

storage form of glucose in the body. Both glycogenesis and glycogenolysis, so the synthesis 

and destruction of glycogen respectively, take place in the liver. Thus, as a response to insulin 

signaling, the liver stores the excessive amounts of circulating glucose into glycogen. Contrary, 

if glucose levels are low, epinephrine and glucagon will promote hepatic glycogenolysis and 

the release of resulting glucose into the blood.  

 

o Vitamins: liver stores mainly vitamins A, D, E and B12. It also contains vitamin K, needed for 

the synthesis of some coagulation factors. 

 

o Iron and copper: iron is mainly stored in the liver as ferritin. Copper is also stored in this organ 

and used for some proteins during cellular respiration and enzymes during hemoglobin 

production. 

 

o Blood: the liver can store large volumes of blood. In physiologic conditions, it contains around 

10% of whole body’s blood. In pathologic circumstances such as heart failure, the liver can 

accumulate up to one liter of additional blood.  

 

3.4.3. Detoxifying functions 
 

The liver helps to detoxify the blood getting rid of harmful substances. It uses lysosomes to 

eliminate certain compounds, but the major route of metabolism and detoxification is through 



Introduction   

46 
 

biotransformation, which consists on converting xenobiotics from a lipophilic form to a 

hydrophilic form. Many metabolites, hormones and xenobiotic will subsequently be excreted to 

the bile. Formation of urea in the liver is also a detoxifying function since it eliminates toxic 

ammonia (Kalra and Tuma, 2020). 

 

3.4.4. Production and excretion of bile 
 

Liver is the responsible for bile production, a substance that is mainly composed of water, biliary 

salts, biliary pigments, some lipids and bicarbonate. Bile emulsions lipids and facilitates their 

digestion in the duodenum, the first part of the small intestine. Bile is also used in order to excrete 

residues to the blood such as the bilirubin that results from hemoglobin destruction, cholesterol 

or calcium. All these residues will end up in the feces (Kalra and Tuma, 2020).  

 

3.4.5. Immunologic function 
 

Blood that comes from the portal vein usually carries bacteria coming from the intestine. Some 

hepatic cells with immunologic functions, such as Kupffer cells, react towards these bacteria in 

order to eliminate them before they enter to the circulating blood (Kalra and Tuma, 2020). 

 

3.4.6. Regenerative capacity 
 

Liver is the only organ capable of regenerating itself after a significant loss of tissue due to a 

specific damage or a hepatectomy. During its regeneration, their hepatocytes divide and allow the 

recuperation of the original organ size. Livers regenerative capacity is exceptional: within a week 

after removing two-thirds of the liver, the liver can return to the same weight it was before surgery 

(Michalopoulos, 2007). 

 

3.5. HEPATIC DISEASES 
 

There are many types of diseases that can affect the liver. Considering the unique and essential 

functions of this organ in homeostasis, metabolism and detoxification, hepatic diseases can be 

devastating and, in some cases, life-threatening (Chiang, 2014; Kalra and Tuma, 2020). In fact, 

liver diseases account for approximately 2 million deaths per year worldwide, being cirrhosis the 

11th most common cause of death globally (Asrani et al., 2019). Some of the most common 

hepatic diseases are: 

 

o Hepatitis: it refers to an inflammatory condition of the liver that is commonly caused by a viral 

infection. There are five main hepatitis viruses, referred to as types A, B, C, D and E. HAV 

infection can take place by eating or drinking something that is tainted by fecal matter. It is 



  Introduction 

47 
 

thus more common in developing countries that lack clean drinking water and have poor 

sanitation systems. Although some patients can suffer liver failure, HAV usually goes away on 

its own in almost all cases with no serious complications. HBV and HCV are more commonly 

spread through unprotected sexual contact, through sharing needles or by accidentally 

injection with a contaminated needle. About 95% of adults who are exposed to HBV fully 

recover within 6 months without medication. If it lasts longer than 6 months, it makes the 

patient more likely to get liver cancer or other diseases. There is a vaccination against the 

disease to prevent it. In the case of HCV, the virus can produce both acute and chronic 

hepatitis, ranging in severity from a mild illness lasting a few weeks to a serious lifelong illness. 

Symptoms may not show up for many years. 

 

o Autoimmune hepatitis: in this disease the immune system itself attacks the liver and triggers 

its inflammation. It is a chronic disease that can last many years. If untreated, it can lead to 

cirrhosis and liver failure. 

 

o Primary biliary cholangitis: it results from progressive destruction of the hepatic bile ducts. 

When the ducts are injured, the bile backs up inside the liver and scars it eventually leading 

to cirrhosis. 

 

o Primary sclerosing cholangitis: in this disease bile ducts become blocked. This causes bile to 

accumulate in the liver, where it gradually damages liver cells and causes hepatic fibrosis or 

cirrhosis. It can also lead to liver cancer, needing in some cases a liver transplant. This disease 

progresses slowly. Many patients may have the disease for years before symptoms develop.  

 

o Liver cancer: it is the growth and spread of proliferative cells in the liver. Two types of liver 

cancers can be distinguished: primary liver cancer that originates in the liver such as 

hepatocellular carcinoma, and metastatic liver cancer, the cancer that spreads from another 

organ to the liver. 

 

o Hemochromatosis: this inherited condition causes an excess of iron absorption and storage in 

the body, which can damage the liver, heart and other organs. Without treatment, the disease 

can cause these organs to fail. 

 

o Wilson's disease: this inherited disease is characterized by body excessive retention of copper. 

Copper accumulation in the liver begins to damage the organ. After enough damage, the liver 

releases the copper directly into the bloodstream reaching and damaging other organs such 

as kidneys, brain and eyes. If not treated, Wilson Disease can cause nerve and psychiatric 

problems, liver failure and death. 
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o Drug-induced liver injury (DILI): it is the hepatic damage produced by drug overdoses such as 

acetaminophen overconsumption among others. While most cases of DILI are benign and 

improve after drug withdrawal, others can be life-threatening.  

 

o Alcoholic liver disease (ALD): it is caused by alcohol abuse, which damages the liver leading to 

a buildup of fats, inflammation and scarring. More characteristics of alcoholic liver disease will 

be further discussed in Section 4. 

 

o Nonalcoholic fatty liver disease (NAFLD): it is the buildup of extra fat in liver cells not caused 

by alcohol consumption. It is normal for the liver to contain some fat. However, if more than 

5-10% percent of the liver’s weight is fat, then it is called a fatty liver. The more severe form 

of NAFLD is called nonalcoholic steatohepatitis (NASH), which courses with inflammation and 

fibrosis challenging proper liver function. NASH causes the liver to swell and become 

damaged. 

 

Symptoms of liver diseases vary depending on the underlying cause. However, there are some 

general symptoms that are shared among hepatic disorders: swelling of the abdomen and legs, 

changes in color of the stool and urine, bruising easily and jaundice (yellowing of the skin and 

eyes). Analysis such as imaging and liver function tests can check for liver damage and help to 

diagnose liver diseases. The main diagnostic indicators of liver disorders and injury include 

increasing levels of aspartate aminotransferase (AST) and alanine aminotransferase (ALT) in 

serum, jaundice, increasing clotting times, edema and hepatic encephalopathy. In the last decades 

increased progress has been made in understanding liver development, physiology and repair. 

However, hepatic diseases are still one of the main causes of death worldwide. This drives the 

need to further study these diseases and their underlying pathological mechanisms, which will 

certainly help in ensuring early diagnose and promoting better disease outcome (Marcellin and 

Kutala, 2018). In the next two sections we will focus on ALD and NPC, a lysosomal lipid storage 

disorder that it is nowadays recognized as a relatively common cause of liver disease in early life. 

 

4. ALCOHOLIC LIVER DISEASE 
 

Alcohol has been part of the human culture for thousands of years and has become the most 

socially-accepted addictive drug worldwide. Although excessive alcohol consumption is known to 

be the oldest form of liver injury, it was not until the 20th century when it was studied with a 

scientific perspective. In 1965, Lieber and colleagues identified for the first time the hepatotoxic 

function of alcohol, instead of the malnutrition effect, previously assumed (Lieber et al., 1965). 
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Nowadays, the term alcoholic liver disease (ALD) is worldwide recognized as a complex disease 

induced by alcohol excessive consumption with a broad spectrum of hepatic disorders. 

 

According to the World Health Organization, 3 million people die every year worldwide as a result 

of the harmful use of alcohol, which represent about 5.3% of all annual deaths (World Health 

Organization, 2018). Besides liver injury, excess of alcohol consumption is a causal factor of other 

diseases and injury conditions. Many people, their families and communities daily suffer the 

consequences of alcohol overconsumption due to not only health problems such as mental 

disorders, cancer and strokes but also injuries resulting from domestic violence and traffic 

accidents. Beyond health consequences, the damaging use of alcohol also brings significant social 

and economic losses to individuals and society at large.  

 

4.1. RISK FACTORS FOR ALD 
 

The impact of alcohol consumption in populations is mostly determined by the total volume of 

alcohol consumed and the pattern of drinking. Besides these two elements, also individual and 

societal vulnerability factors need to be taken into account. 

 

Individual vulnerability refers to factors that make some people more susceptible to consuming 

more alcohol and more sensitive to the harms caused by this toxic. Individual risk factors include 

age, gender, diet and smoking as well as genetic differences among individuals or ethnic groups. 

In relation to diet, evidence shows that obese individuals tend to be more susceptible to alcohol-

induced liver injury at lower doses than healthy-weight counterparts (Loomba et al., 2009). 

Regarding to ethnic groups, it has been seen that East Asians are more vulnerable to alcohol 

compared to people from Western Nations. This fact is mainly due to the presence in 40% of East 

Asians of an inactive variant of the Aldehyde dehydrogenase 2 (ALDH2), the enzyme that degrades 

the toxic acetaldehyde resulting from alcohol metabolism (Jin et al., 2015). 

 

Environmental factors including economic development, culture, alcohol availability and national 

alcohol policies also play an important role in ALD. All these societal factors have an effect on 

drinking habits and harms caused by alcohol. The level of development of one country is also a 

significant risk factor. For instance, although residents of less developed countries tend to drink 

less alcohol, they also have fewer health services available to reduce its damaging effects. Alcohol 

regulation is another important point. The quality of alcoholic drinks should be analyzed more 

systematically since their composition can directly contribute to the disease burden (Rehm et al., 

2010).  
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Thus, it is of a great importance to consider these wide-range of interrelated individual and 

societal factors to understand the variety in ALD manifestations among alcoholic patients.   

 

4.2. CLINICAL CHARACTERISTICS OF ALD 
 

4.2.1. Stages 
 

ALD comprises a range of stages including simple steatosis, steatohepatitis, cirrhosis and end-

stage hepatocellular carcinoma. There are three main stages of ALD, although there is often an 

overlap between each stage (Figure I-20) (Gao and Bataller, 2011; Lamas-Paz et al., 2018; Louvet 

and Mathurin, 2015). 

 

 

Figure I-20. Stages and progression of ALD. Taken from (Ohashi et al., 2018). 

 

 Alcoholic fatty liver disease (hepatic steatosis) 

 

Just a few days of drinking a large volume of alcohol can lead to the accumulation of fats in the 

liver, stage that is known as alcoholic fatty liver disease or hepatic steatosis. Alcohol induces 

hepatic fatty acid uptake, impairment of fatty acid oxidation, promotion of de novo lipid synthesis 

and neutral lipid storage as well as inhibition of lipid export and lipid droplet catabolism. All these 

pathways converge impacting on cellular lipid homeostasis and triggering hepatic fat 

accumulation. This first stage of ALD rarely causes any symptoms but it is an important warning 

sign that the individual is drinking at a harmful level. Alcoholic fatty liver disease is often reversible 

if the affected person abstains from alcohol from this point onward (Jeon and Carr, 2020). 
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 Alcoholic steatohepatitis 

 

Alcoholic steatohepatitis is a potentially serious condition that can be caused by alcohol misuse 

after many years of heavy drinking. Less commonly, alcoholic hepatitis can also occur if the 

individual drinks a large amount of alcohol in a short period of time, what is known as binge 

drinking. Hepatitis is a general term of swelling and inflammation of the liver. Excessive alcohol 

consumption causes intestinal bacterial overgrowth, endotoxins accumulation and increased 

intestinal permeability by disrupting the intestinal barrier function. This disruption facilitates the 

translocation of bacterial products from the intestine to the liver leading to the activation and 

recruitment of inflammatory cells to this organ. These changes are also associated with hepatic 

fibrosis, which is mainly coordinated by hepatic stellate cells. This second ALD stage is usually 

reversible if the individual stops alcohol drinking on a long-term basis. Severe alcoholic hepatitis, 

however, is a serious and life-threatening illness. When hepatitis develops, it may be the first time 

a person is aware that the liver is being damaged through alcohol (Ohashi et al., 2018; Purohit and 

Russo, 2002). 

 

 Cirrhosis 

 

Cirrhosis occurs when the liver has been inflamed for a long time, leading to scarring and loss of 

function. Excessive and long-term alcohol oxidation destroys hepatocytes structure, causing 

microtubule dysfunction and further affecting the transportation of nutrients. Besides, collagen 

synthesis is stimulated and there is an accumulation of extracellular matrix proteins that form 

liver cirrhosis. As the liver no longer processes toxins properly, it will be more sensitive to 

medications and alcohol, which can be a life-threatening condition. Cirrhosis damage is 

irreversible, but the patient can prevent further damage and significantly increase life expectancy 

by stopping alcohol consumption. However, although life-long abstinence can improve liver 

function, the permanent and severe damage from cirrhosis might mean that the patient needs a 

liver transplant to survive (Kong et al., 2019) 

 

4.2.2. Hepatic zonal pattern in ALD 
 

Liver pathologies often exhibit zonated patterns that can be attributed to the functional zonation 

of hepatocytes (Ben-Moshe and Itzkovitz, 2019). ALD is known to progress in a zonated manner 

starting from the PV area and spreading into the PP zone as the disease evolves (Keegan et al., 

1995; MacSween and Burt, 1986; Nakano et al., 1982). The course of ALD begins with the 

accumulation of lipid droplets, causing hepatic steatosis. The increased expression of lipogenesis 

genes and reduced expression of fatty acid β-oxidation genes in PV hepatocytes already suggest 
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that alcohol-induced lipid accumulation might be faster in this zone than in PP regions. Indeed, in 

rat models of ethanol intoxication, the accumulation of lipid droplets is first observed in the PV 

zone compared to the PP (Iseri et al., 1966). Similar PV zonation patterns have been observed in 

human patients with alcoholic fatty liver disease (Chalasani et al., 2008). In addition to lipid 

homeostasis, the different zonal expression of the key alcohol metabolizing enzymes alcohol 

dehydrogenase (ADH) and cytochrome P450 2E1 (CYP2E1) also plays an important role. A major 

activity of these enzymes has been described in the PV zone of the liver lobule not only in basal 

conditions but also after long-term alcohol intake (Bühler et al., 1992). Thus, alcohol detoxification 

mainly takes place in the PV area being the most affected one by this toxic compound in early 

stages of the disease (Figure I-21). It is consequently of a great relevance to take liver zonation 

into account when studying specific liver diseases such as ALD.  

 

 

Figure I-21. Zonal progression amongst the various histologic stages of ALD. Adapted from (Schiff et al., 

2011). PT: portal tract, PV: perivenous, PP: periportal. 

 

4.2.3. Treatment  

 

There is currently no specific medical treatment for ALD. Stop drinking not always reverses 

alcohol-induced liver damage, being liver transplantation the treatment choice for patients with 

liver failure in end-stage liver disease. Aside from liver transplantation, there are other available 

therapies and promising approaches to treat ALD patients such as corticosteroids and N-

acetylcysteine (NAC). Corticosteroids downregulate TNFα production and upregulate IL-10 
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expression (an anti-inflammatory cytokine) overall reducing short-term mortality. However, this 

medication does not improve long-term survival. NAC is a GSH precursor antioxidant. Treatment 

of ALD with NAC alone does not improve short-term survival. However, the combination of NAC 

with corticosteroids significantly improves patient survival. Anti-TNFα therapy such as infliximab 

also improves disease severity and survival despite having some-side effects when combined with 

corticosteroids. Work with animal models have also revealed S-adenosyl-L-methionine (SAMe) as 

a potential treatment for ALD (García‐Ruiz et al., 1995; McClain et al., 2002). However, although 

some randomized clinical trials have been made with patients suffering ALD, the benefits of SAMe 

treatment are still not clear (Rambaldi and Gluud, 2006). There is thus a therapeutic need for ALD 

that it is neither completely covered nor optimal. The study of the physiologic and molecular 

mechanisms associated to this pathology is of a great importance to better understand the 

disease and to find new treatments that would benefit ALD patients (Kong et al., 2019; Ohashi et 

al., 2018). 
 

4.3. ALD EXPERIMENTAL MODELS 
 

Effective treatment options for ALD are very limited due to the lack of suitable in vivo models that 

recapitulate the full spectrum of human ALD. The ideal experimental model should present all 

aspects of the ALD process, including significant steatosis, hepatic inflammatory cells infiltration 

and liver injury (Lamas-Paz et al., 2018). Among the different experimental model organisms used 

nowadays in laboratories, mammalian rodents (rats and mice) are the most frequently used to 

study ALD. They are highly-resistant to successive in-breeding with low genetic variability between 

individual animals, they have a short lifespan and a fast rate of reproduction, they are small in size 

and easy to handle, and costs per animal in terms of initial purchase, housing and maintenance 

are considerable low compared to other organisms. In addition, rodents are an excellent organism 

for the generation of transgenic and knockout models. However, although rodents are reasonably 

similar to humans in terms of liver physiology, there is still some disparity in liver injury between 

these two species after ethanol exposure. The main differences are the natural aversion of 

rodents to alcohol and the rate of alcohol oxidation since it is five times faster in rodents than in 

humans (Holmes et al., 1986). In addition, the difference in the innate immune systems between 

these two species must be carefully considered as immune responses play an essential role in ALD 

pathology (Mestas and Hughes, 2004). 

 

Numerous models employing rodent animals have been established to investigate the effects of 

acute and chronic alcohol exposure on the initiation and progression of ALD (Table I-1). 

Administration of ethanol in these animal models ranges from voluntary oral intake via drinking 

water or a liquid diet (Lieber-De Carli model) to direct alcohol gastric administration (Tsukamoto-

French model) (Altamirano and Bataller, 2011). 
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Table I-1. Comparison of ALD experimental models. Taken from (Lamas-Paz et al., 2018). ALT: Alanine 

aminotransferase, DEN: diethylnitrosamine, LPS: lipopolysaccharide, CCl4: carbon tetrachloride, APAP: 

acetaminophen, LDE: Lieber-DeCarli ethanol diet, IP: intraperitoneal. 

 

4.3.1. Lieber-De Carli Liquid Diet 
 

For many years the main ALD experimental model was based on the use of alcohol in drinking 

water together with solid food. However, the aversion of rodents to alcohol in some cases 

prevented them from significant liver damage. To overcome this problem, a new model was 

invented: animals had access only to an ethanol-containing liquid diet formula but with no other 

food or drink. In this case, the daily intake of ethanol increased two to three times more than that 

achieved from drinking the ethanol-only solution. Significant liver steatosis was observed using 

this approach. These findings first introduced by Lieber et al in 1963 opened a new era for ALD 

research. This diet later became known as the Lieber-DeCarli liquid diet and is nowadays a 

standard experimental model for the study of ALD (F. Guo et al., 2018; Lamas-Paz et al., 2018; 

Lieber et al., 1963). 

 

The Lieber-DeCarli diet is an isocalorically-controlled liquid diet in that the total caloric content 

(0.6-1.0 cal/mL) in the diet remains unchanged, while specific components vary to serve different 
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groups and experimental objectives. The control diet, often used for pair-fed control groups, is 

formulated from several key parts of nutrition: Casein (consisting of methionine and cystine), 

contributes 18% of total calories; fat, derived from olive and corn oils, makes up 35% of total 

calories; fat-soluble vitamins (A, D, E, K) and water-soluble vitamin B12, minerals and fiber; the 

remaining formula (dextrin and maltose mixture) provided the majority of energy (47% of the 

total calories). In the ethanol-containing formula, an amount equal to 36% of total calories of the 

dextrin and maltose mixture is removed and replaced by isocalorically measured alcohol (DeCarli 

and Lieber, 1967; Lieber and DeCarli, 1989, 1982). 

 

The feeding period using Lieber-DeCarli diet model should start with gradually increased amounts 

of ethanol during approximate five days to allow the animal adaptation to the ethanol. Then, 

feeding usually varies between four and twelve weeks in mouse and one and nine months in rats. 

Lieber-DeCarli ethanol feeding causes marked elevation of serum alanine aminotransaminase 

(ALT) and aspartate aminotransferase (AST) as well as varying degrees of hepatic steatosis but it 

does not induce other major hepatic pathological changes. Many attempts have since been made 

to elevate the effect of this diet and induce more sever forms of liver injury (eg. the chronic-binge 

ethanol feeding rodents model, which combines a chronic feeding period using Lieber-DeCarli diet 

and one or multiple binges) (Altamirano and Bataller, 2011; Lamas-Paz et al., 2018). 

 

4.4. PHYSIOLOGIC AND MOLECULAR MECHANISMS OF ALD 
 

4.4.1. Alcohol metabolism 
 

Alcohol is a polar molecular substance that is soluble in both water and lipid. After being 

consumed, it is absorbed into the blood circulation through the gastrointestinal tract (GI). 

Following absorption in the GI, only 2% to 10% of total ingested alcohol is directly eliminated 

through the lungs, kidneys and sweat in an unchanged form. Most alcohol will thus undergo 

metabolic processing in the liver (Figure I-22). 

 

Ethanol (C2H6O) is first oxidized and transformed into acetaldehyde (C2H4O) in hepatocytes. There 

are three metabolic systems which participate in the oxidative metabolism of alcohol into 

acetaldehyde (Kong et al., 2019; Lamas-Paz et al., 2018; Lieber, 2005): 

 

 Alcohol dehydrogenase (ADH) system: Alcohol is mainly metabolized by the hepatocyte 

cytoplasmic ADH system, which oxidizes ethanol into acetaldehyde using nicotinamide 

adenine dinucleotide (NAD+) as a co-factor (Figure I-22). ADH1, amongst the other isoenzymes 

of ADH, plays a main role in ethanol metabolism in the liver. 
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 Microsomal Ethanol-Oxidizing System (MEOS): The second alternative pathway is the 

microsomal ethanol oxidation system (MEOS), which depends on cytochrome P450 (CYP450) 

enzymes, particularly on CYP2E1 (Figure I-22). Under normal physiological conditions, CYP2E1 

only catalyzes the oxidization of a small amount of ethanol, such as 10%. However, CYP2E1 is 

upregulated in chronic alcohol abuse conditions and leads to converting more alcohol to 

acetaldehyde.  

 

 Catalase: The third pathway involves an enzyme called catalase, which is located in 

peroxisomes. Catalase usually catalyzes hydrogen peroxide removal but is also capable of 

catalyzing the oxidation of alcohol to acetaldehyde (Figure I-22). However, quantitatively this 

is considered a minor pathway of ethanol oxidation. 
 

 

Figure I-22. Oxidative pathways of alcohol metabolism in the liver. Taken from (Zakhari, 2013). 

 

Once acetaldehyde is formed by any of these three pathways, successive oxidation reactions take 

place. Acetaldehyde is metabolized further in the mitochondria by the mitochondrial aldehyde 

dehydrogenase (ALDH) to form acetate and NADH. Most of the acetate resulting from ethanol 

metabolism escapes the liver into the blood (Figure I-22). Cells from heart, skeletal muscle and 

brain have mitochondria that contain enzymes capable of transforming acetate to acetyl CoA. 

These cells readily take up acetate and convert it into acetyl CoA, which is further oxidized in the 

Krebs cycle generating CO2 and water as the end-products of ethanol oxidation (Cederbaum, 

2012; Ceni et al., 2014; Manzo-Avalos and Saavedra-Molina, 2010; Zakhari, 2013). 

 

When the concentration of ethanol in blood and tissue fluid is low, ethanol is mainly metabolized 

by the ADH pathway and almost all acetaldehyde is rapidly converted into acetate, which in turn 

is metabolized by extra-hepatic tissues. In contrast, excessive alcohol consumption leads to the 

upregulation of the other two enzymatic systems, resulting in biochemical changes in 

hepatocytes. The increase in alcohol oxidation specifically through CYP2E1 induces ROS 

formation. ROS accumulation contributes to increased oxidative stress and triggers many 
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pathological effects such as damage in proteins, lipids and DNA (Cederbaum, 2012, 2006). 

Increased alcohol oxidation also results in elevated NADH levels. This change in NAD+/NADH ratio 

has been considered to play a major role in the initial pathogenesis of alcohol-induced fatty liver. 

Besides, the re-oxidation of NADH via the electron transport chain in the mitochondria results in 

the formation of even more ROS that will further contribute to oxidative stress (Baraona and 

Lieber, 1979; Crabb and Liangpunsakul, 2006; Lieber, 2005). Overall, while low alcohol intake is 

not significantly damaging, alcohol overconsumption promotes the accumulation of the cytotoxic 

metabolites acetaldehyde and acetate, excessive formation of ROS and lipid homeostasis changes. 

These factors subsequently converge into determining an inflammatory status in the liver and, in 

a long term, the loss of hepatic function. 

 

4.4.2. Pathological effects of alcohol oxidation 
 

There are many molecules and signaling pathways involved in ALD that contribute to the disease 

burden. The study of the pathogenic mechanisms in ALD highlights three main pathways: lipid 

metabolism, hepatotoxicity and immune system. Although these pathways seem to be quite 

diverse, they are connected by an intricate network of tight interactions overall leading to hepatic 

injury (Figure I-23) (Boccuto and Abenavoli, 2017; Kong et al., 2019; Lamas-Paz et al., 2018). 

 

 

Figure I-23. Pathological effects of alcohol oxidation. Taken from (Ohashi et al., 2018). LPS: 

lipopolysaccharide, DAMPs: damaged-associated molecular patterns, EVs: extracellular vesicles, FGF; 

fibroblast growth factor, FXR: farnesoid X receptor, HMGB1: high mobility group box 1, IL: interleukin, 

miRNA: microRNA, mtDNA: mitochondrial DNA, FFA: free fatty acid, ROS: reactive oxygen species, TGF: 

transforming growth factor, TLR: toll-like receptor, TNF: tumor necrosis factor, DNA: deoxyribonucleic 

acid. 
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4.4.2.1. Lipid accumulation in ALD 
 

The mechanisms of lipid accumulation in the liver during alcohol consumption involve the 

alteration of molecules and pathways that control lipid synthesis and oxidation (Ceni et al., 2014). 

Some of the best well-known key players in lipid alteration by alcohol abuse are: 

 

­ Decreased NAD+/NADH ratio: Major reactions in alcohol oxidation require the coenzyme NAD+ 

for transferring hydrogen. As a result of increased ethanol oxidation, the amount of reducing 

equivalents (NADH) is increased. This change in NAD+/NADH ratio promotes hepatic 

triglyceride accumulation and fatty acid synthesis since many of the enzymes of fatty acid 

oxidation are pyridine nucleotide dependent, thus, their activities are inhibited by NADH, 

resulting in reduced ability to oxidize fatty acids (Baraona and Lieber, 1979; Crabb and 

Liangpunsakul, 2006). 

 

­ Inhibition of Peroxisome proliferator-activated receptors (PPARs): PPARs regulate the 

transcription of genes involved in the esterification and export of fatty acids to oxidize them 

in the mitochondria, peroxisomes and microsomes. Ethanol metabolism interferes with the 

transcriptional activity of PPARα, inhibits PPARα-DNA binding activity and decreases PPARα 

target genes, overall leading to the accumulation of fatty acids (Fischer et al., 2003; Lu et al., 

2008; Nanji et al., 2004). 

 

­ Induction of SREBPs: SREBPs are a family of transcription factors strictly correlated with PPARs 

and that control a set of enzymes involved in the synthesis of fatty acids and triglycerides as 

well as cholesterol (see section 1.3. for more details). Acetaldehyde produced from ethanol 

metabolism enhances the levels of SREBP-1 to promote the synthesis of fatty acids which 

results in fatty acid accumulation in hepatocytes (Ji and Kaplowitz, 2003; You et al., 2002). 

 

­ AMP-activated protein kinase (AMPK) downregulation: AMPK is a metabolic sensor by 

phosphorylation of enzymes involved in lipid metabolism. Chronic ethanol exposure inhibits 

AMPK activity through the inhibition of protein kinase (PK)Cζ and liver kinase (LK)B1 

phosphorylation. This inhibition plays a key role in the development of steatosis by the 

activation of hepatic lipogenesis, cholesterol synthesis, and glucose production in parallel with 

the decrease in fatty acid oxidation (García-Villafranca et al., 2008; Tomita et al., 2005; You et 

al., 2004). 

 

­ Reduction of Autophagy: Autophagy is upregulated by increased AMPK. Ethanol exposure 

decreases AMPK, thereby reducing autophagy activity which can enhance lipid accumulation 

through impaired lipophagy (Chao et al., 2018). 
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4.4.2.2. Ethanol Hepatotoxicity 
 

Chronic alcohol consumption promotes biochemical changes in hepatocytes that can finally lead 

to hepatocyte death. Different molecules, pathways and subcellular compartments are implicated 

in the hepatotoxic function of alcohol: 

 

­ Acetaldehyde: The first product of alcohol metabolization has a central role in the 

pathogenesis of ALD by causing damage to hepatocytes. This toxic impairs cellular functions 

and gene expression by forming adducts with proteins and DNA. Regarding to proteins, it can 

bind to albumin, tubulin, collagen and microsomal enzymes overall resulting in protein 

dysfunction. Defects in assembly of microtubules, protein excretion and enzymatic activity 

have all been attributed to acetaldehyde. The formation of these protein-acetaldehyde 

adducts also results in the production of immunodominant antigenic determinants that 

activate the adaptive immune system and contribute to the disease progression (Setshedi et 

al., 2010; Stewart et al., 2004). Aside from protein and DNA adducts formation, acetaldehyde 

can also bind to GSH inhibiting its antioxidant function, induce ER stress and increase 

hepatocyte sensitivity to TNF-α (Lluis et al., 2003).  

 

­ Oxidative stress and antioxidant systems: Under physiological conditions, fluctuations in ROS 

levels are involved in different signaling pathways and cellular functions are properly 

maintained through proper redox balance. However, extreme alcohol oxidation induces the 

excessive formation and accumulation of ROS in the hepatocyte. As acetaldehyde does, this 

increased amount of alcohol-induced free radicals can also react with proteins, lipids and DNA 

forming adducts that result in cell damage. Alcohol-induced ROS, such as hydrogen peroxide 

and superoxide ions, are also associated with the pro-inflammatory profile of alcohol-

mediated liver damage via recruiting immune cells and inducing pro-inflammatory cytokines 

circulation that will finally cause hepatocyte damage (Kong et al., 2019). In addition to 

increasing ROS, ethanol consumption results in the dynamic imbalance of endogenous 

antioxidant systems mainly by targeting the nuclear factor erythroid 2-related factor 2 (Nrf-

2), which regulates the expression of antioxidant proteins (Zhao et al., 2018). Alcohol also 

damages other antioxidant genes that have important roles in ROS scavenging such as SOD, 

GSH, catalase, peroxidase-1, metallothionein and heme oxygenase (Han et al., 2016; Kong et 

al., 2019; McClain et al., 2017).  

 

­ Methionine cycle: methionine is an essential amino acid that is mainly metabolized by the 

liver into SAMe, which is needed for methylation of a large variety of substrates (DNA, 

proteins, lipids) and polyamine synthesis. Changes in SAMe concentration impact on the 
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normal hepatic function (Mato and Lu, 2007). Ethanol causes abnormal methionine 

metabolism by inhibiting the enzyme methionine synthase (MS) that regenerates methionine 

from homocysteine, causing as a result hyperhomocysteinemia (HHcy). HHcy has been 

implicated in the pathogenesis of ALD through activation of ER stress. Ethanol-induced HHcy 

promotes cell injury via apoptosis, fat accumulation and inflammation (Ji, 2008; Kaplowitz and 

Ji, 2006). 

 

­ ER Stress: The ER is the intracellular organelle responsible for synthesis, folding, trafficking 

and maturation of membrane and secretory proteins. Physiologic stresses can lead to an 

imbalance between the demand and the capacity of the ER for protein folding, thereby 

causing ER stress that can lead to lipid accumulation, inflammation and cell death. As 

previously stated, alcohol intake induces ER stress by different mechanisms such as 

acetaldehyde-protein adduct formation, oxidative stress and alcohol-induced HHcy. 

 

­ Mitochondrial damage: Among the different subcellular compartments, mitochondria is one 

of the most damaged by alcohol overconsumption. Alcohol oxidation induces a wide-range of 

mitochondrial alterations starting from mitochondrial DNA and protein damage and leading 

to the activation of mitochondria-dependent apoptosis. More mechanisms of alcohol-induced 

mitochondrial dysfunction will be further discussed in Section 4.5. 

 

4.4.2.3. Hepatic inflammation in ALD 
 

Innate immunity has a central role in the pathogenesis of ALD. In recent decades significant 

progress has been made in understanding the molecular mechanism contributing to the alcohol-

dependent activation of innate immunity and inflammation (Ceni et al., 2014). 

 

Chronic drinking causes imbalance of intestinal flora by triggering excessive proliferation of gram 

negative bacteria in the intestine. This in turn causes intestinal accumulation of 

lipopolysaccharides (LPS), also known as lipoglycans or endotoxins. Aside from this, alcohol also 

triggers increased permeability of the intestine. On one hand, the metabolism of alcohol by gram 

negative bacteria and intestinal epithelial cells results in acetaldehyde accumulation, which 

damages the intestinal barrier. On the other hand, alcohol also stimulates the production of a 

large number of nuclear transcription factors NF-B and inducible nitric oxide synthase (iNOS), 

which increase the intestine intercellular permeability by damaging the microtubule cytoskeleton 

and inducing cell conformational changes. Disruption of the intestinal barrier allows the 

transference of the accumulated endotoxins from the intestine to the liver overall causing 

inflammatory changes in this organ (Purohit et al., 2008).  
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Once in the liver, endotoxins can activate Kupffer and inflammatory cells, which inhibit 

macrophage phagocytosis and stimulate the proliferation of hepatic stellate cells (HSC) by 

releasing cytokines such as TNF-α, interleukin IL-1, IL-17, CXC chemokines, osteopontin and 

inflammatory factors and free radicals (Gao and Bataller, 2011). Additionally, the secretion of 

specific chemokines produced by Kupffer cells and HSC promote neutrophils migration and 

infiltration to damaged liver tissues. This neutrophil recruitment is also triggered by the alcohol-

induced upregulation of intercellular adhesion molecule-1 (ICAM-1) expression on the surface of 

neutrophils and E-selectin expression on sinusoidal endothelial cells. The activated Kupffer cells 

and recruited neutrophils release fibrosis-related factors, such as the transforming growth factor 

beta (TGF-β) and the platelet-derived growth factor, as well as IL-1β and TNFα overall promoting 

hepatocyte apoptosis and local inflammation and, consequently, liver damage (Kong et al., 2019; 

Ma et al., 2016; Ohashi et al., 2018). 
 

4.5. ROLE OF MITOCHONDRIA IN ALD 
 

Mitochondria contribute to alcohol metabolism via acetaldehyde oxidation through ALDH and 

NAD+ replenishment by NADH oxidation in the respiratory mitochondrial chain. However, these 

organelles are also target of the deleterious effects of alcohol. Over the years, increased evidence 

has pointed towards mitochondrial abnormalities at the morphological and functional levels 

caused by alcohol abuse. Due to mitochondrial importance in energy production, metabolism and 

cell fate decisions, changes in mitochondria caused by alcohol are considered a relevant 

contributory factor in ALD (García-Ruiz et al., 2013; Rubin et al., 1970; Song et al., 2014). The 

mechanisms by which alcohol injures mitochondria are diverse: 

 

­ DNA and protein damage: Chronic alcohol intake damages mitochondrial DNA as well as 

decreases mitochondrial protein synthesis by impairing mitochondrial ribosomes (Bailey et 

al., 2006; Cahill and Cunningham, 2000; Venkatraman et al., 2004a). Aside from this, 

intramitochondrial proteins can be irreversibly oxidized by ROS as well as reactive lipid species 

such as 4-HNE generated in response to alcohol intake. This contributes to the dysregulation 

of fatty acid metabolism and increased activation of the mitochondrial permeability transition 

pore (Baraona et al., 2002; King et al., 2010; Lee et al., 2003; Pastorino et al., 1999). Some 

studies have also reported that alcohol can trigger mitochondrial protein hyperacetylation, an 

important regulatory post-translational mechanism of protein function that relies on acetyl-

CoA as the acetyl group donor and that is controlled by deacetylation enzymes, mainly sirtuins 

(Fritz et al., 2011; Picklo, 2008). The inactivation of proteins critical for mitochondrial function 

may contribute to alcohol-induced liver injury. 
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­ Changes in mitochondrial membrane composition and fluidity: Alcohol intake can modify lipid 

composition of mitochondrial membranes as many studies have reported changes in 

phospholipid distribution, cardiolipin levels and increased cholesterol accumulation 

(Cunningham et al., 1983; Ellingson et al., 1988; Marí et al., 2014; Taraschi and Rubin, 1985). 

These alterations result in increased mitochondrial membrane rigidity and impact on the 

proper functioning of mitochondrial membrane proteins (Colell et al., 2001, 1997). 

 

­ Excessive mitochondrial ROS production: Disproportionate alcohol oxidation via ADH and 

ALDH produces abundant levels of NADH that enter the mitochondrial respiratory chain for 

oxidation and result in increased mitochondrial ROS production (Bailey and Cunningham, 

2002; Wu and Cederbaum, 2009). Besides this mechanism, the inducible CYP2E1 also 

contributes to mitochondrial superoxide anion generation in response to alcohol. Although it 

is mainly targeted to the ER by a signal recognition mechanism, alcohol feeding has been 

shown to induce the expression of CYP2E1 also in liver mitochondria (Knockaert et al., 2011; 

Robin et al., 2005). The main mitochondrial free radical is superoxide anion, which can then 

be the source of additional ROS and oxidants, including peroxynitrite and hydrogen peroxide. 

 

­ Altered mitochondrial antioxidant system: From all the antioxidant mechanisms present in 

mitochondria (see chapter 2.3.2.), mGSH has been shown to be depleted by alcohol feeding 

in a wide variety of animal models (Colell et al., 1997; García-Ruiz et al., 1994; García‐Ruiz et 

al., 1995; Hirano et al., 1992). This decrease in mGSH is caused by the defect in the transport 

of GSH from the cytosol to the mitochondrial matrix, which in turn is caused by alcohol-

mediated mCholesterol accumulation (Coll et al., 2003; Fernández et al., 2013). The impact of 

mCholesterol loading in the depletion of mGSH is not an exclusive feature of alcohol intake 

but it has also been reported in other contexts such as nonalcoholic steatohepatitis and 

anthrax-induced cell death (Ha et al., 2012; Josekutty et al., 2013). 

 

­ Altered mitochondrial respiration: Alcohol consumption has been reported to alter 

mitochondrial oxidative phosphorylation although this impairment seems to be species-

dependent. While alcohol decreases mitochondrial respiration in rats by downregulating the 

synthesis of subunits of the main respiratory complexes such as NADH dehydrogenase, 

cytochrome b-c1 (Complex III) and the ATP synthase complex (Complex V) (Bernstein and 

Penniall, 1978; Cunningham et al., 1990; Venkatraman et al., 2004a), it has been reported to 

stimulate mitochondrial respiration in mice (Han et al., 2012; Venkatraman et al., 2004b; 

Zhang et al., 2010). Considering these findings, the mechanisms that determine the species 
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dependent alteration of mitochondrial respiration caused by alcohol intake are not fully 

understood yet. 

 

­ Alteration in mitochondrial morphology and dynamics: The role of mitochondrial dynamics in 

alcohol-induced mitochondrial function and liver injury has been poorly studied. Some studies 

have shown that hepatic mitochondria from alcohol fed individuals exhibit a heterogeneous 

morphological appearance manifested predominantly in the formation of longer tubular and 

thinner mitochondria compared with round or oval morphology of mitochondria from healthy 

counterparts (Bruguera et al., 1977; Das et al., 2012; Han et al., 2012; Matsuhashi et al., 1998). 

However, whether these changes reflect alterations in mitochondrial fusion or fission remains 

to be better established. 

 

­ Activation of mitochondria-dependent apoptosis: Accumulated ROS due to alcohol 

metabolism also plays an important role in mitochondria-dependent apoptosis. One of the 

pathways involved is the inhibition of the phosphorylation of alpha serine/threonine-protein 

kinase (AKT), which causes the down-regulation of cyclin D1 and cell cycle arrest in G0/G1. 

This in turn activates mitochondria-dependent apoptosis overall leading to mitochondrial 

damage (Abdelmegeed et al., 2013; Kong et al., 2019). 

 

In view of the critical status of mitochondria during alcohol consumption and the importance of 

these organelles in many cellular functions, further characterization of key players contributing to 

alcohol-induced mitochondrial dysfunction are relevant to better understand ALD pathogenesis. 

This knowledge will certainly advance the design and testing of novel mitochondria-specific 

therapeutics that will hopefully help in the development of more effective and earlier diagnostic 

test strategies and in disease treatment. 

 

4.5.1. Alcohol and mCholesterol 

 

As exposed in chapter 2.4.3, mCholesterol accumulation is a hallmark of different pathologies such 

as Alzheimer’s disease, NPC disease, hepatic diseases and obesity. In relation to ALD, it has been 

reported that alcohol feeding induces mCholesterol accumulation, which causes mitochondrial 

membrane rigidity and impairs transport of GSH from cytosol to the mitochondria. Decreased 

levels of mGSH cannot protect from ethanol-induced mitochondrial oxidative stress overall 

causing mitochondrial damage. In addition to this, mGSH depletion via mCholesterol 

accumulation is one of the factors that sensitize hepatocytes to the damage caused by 

inflammatory cytokines involved in ALD such as TNFα (Coll et al., 2003; Fernández-Checa et al., 

1997; Fernández-Checa and Kaplowitz, 2005; Lluis et al., 2003). Regarding to liver zonation and as 
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previously described, ALD is known to progress from PV to PP hepatic areas. Indeed, the depletion 

of mGSH caused by chronic alcohol feeding has been observed to preferentially occur in PV 

hepatocytes (García-Ruiz et al., 1994; García‐Ruiz et al., 1995). The fact that mGSH is mostly 

decreased in hepatic zone III suggests a higher mCholesterol accumulation in this zone. However, 

the distribution of alcohol-induced mCholesterol accumulation along the hepatic acinus as well as 

its zonal deleterious effects have never been determined. 

 

All these findings suggest cholesterol accumulation in mitochondria as a key mechanism in ALD 

onset and progression. Modulation of mCholesterol levels could thus influence ALD progression, 

and therapies to decrease mCholesterol levels could be of medical relevance in the disease 

treatment. Although the knowledge of alcohol-induced mCholesterol accumulation consequences 

has increased substantially in recent years, further characterization of this mechanism as well as 

its regulatory system is needed to better understand ALD pathogenesis. Among the different 

mCholesterol transporters, StARD1 emerges as a leading regulator since it has already been 

related to ALD but never been fully characterized (Fernández et al., 2013; Marí et al., 2014). 

 

5. NIEMANN-PICK TYPE C DISEASE 

 

Niemann Pick's (NP) disease was described for the first time in the early 20th century by the 

German physicians Albert Niemann and Ludwick Pick. It is an inherited autosomal recessive 

disease that results in neurodegeneration, liver disease and premature death. There are four 

recognized forms of Niemann-Pick disease: types A and B (NPA and NPB), type C (NPC) and type 

D (NPD). The underlying defect in types A and B involves mutations in the SMPD1 gene and 

deficiency of the enzyme acid sphingomyelinase (ASM). If ASM is missing or does not act correctly, 

the lipid sphingomyelin cannot be properly metabolized and is accumulated within the cell, 

ultimately causing cell death and significant organ system failure. Type A is rare and occurs mainly 

in infants, who show severe and progressive brain disease. Children with NPA do not live beyond 

their first few years. In contrast, type B patients are neurologically normal and they usually have 

longer life expectancy. NP type C is caused by mutations in the NPC1 (NPC type 1C) or the NPC2 

genes (NPC type 2C). Deficiency in NPC1 and NPC2 function results in the accumulation of 

cholesterol, gangliosides and other lipids in cells, specifically in endosomal vesicles. NPC patients 

present marked neurological impairment that begins in the thalamus and Purkinje cells in the 

cerebellum, causing cerebellar ataxia, cataplexy, epilepsy and other neurological disorders. Type 

D is very similar to type C in its manifestations, being considered a variant of it (Bajwa and Azhar, 

2020; Torres et al., 2017a). 
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5.1. CLINICAL CHARACTERISTICS OF NPC DISEASE 

 

NPC is referred to as a lipid storage disease since it is characterized by the body’s inability to 

transport cholesterol and other lipids inside of cells resulting in the accumulation of these 

substances within various tissues. Because of the damaging accumulation of lipids throughout the 

body, especially in the liver, spleen and brain, NPC individuals present physical, neurological, 

emotional and cognitive alterations. The prevalence of NPC disease has been estimated at 

1:150,000 in Western Europe with variations between ethnic groups (Geberhiwot et al., 2018). 

 

5.1.1. Symptoms 

 

NPC disease affects neurologic and psychiatric functions, as well as various internal organs. It is a 

highly variable disorder as individuals with the disease can have onset of symptoms at different 

ages and follow independent progression. While visceral symptoms are more typically seen in 

individuals presenting at a younger age, neurologic and psychiatric symptoms often occur slowly 

over time in individuals presenting in the later age groups (Figure I-24)  (Patterson, 1993; Seker 

Yilmaz et al., 2020; Vanier, 2010). 

 

 

Figure I-24. Schematic representation of the main forms and clinical symptoms of NPC disease. 

Adapted from (Vanier, 2010). 

 

Perinatal NPC (shortly before and after birth) is characterized by fetal ascites, cholestasis 

associated with jaundice and growth deficiency, hepatomegaly, splenomegaly and accumulation 

of lipids in lungs. All these symptoms can progress to cause life-threatening complications during 
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this period. In the early infantile period (2 months to < 2 years), affected individuals may present 

with abnormal liver and spleen enlargement and, in some cases, may develop lack of muscle tone 

and delays in psychomotor development. The classic presentation of NPC occurs during middle to 

late childhood (late infantile, 2 to 15 years). It is characterized by difficulty in drawing, writing, 

speaking and swallowing, lack of muscle coordination and cognitive impairment. Other neurologic 

findings can include epileptic seizures and vertical supranuclear gaze palsy, the inability to look in 

a vertical direction as a result of cerebral impairment. Juvenile and adult onset of NPC (6-25 years 

and >15 years, respectively) are associated with a similar neurological presentation although the 

rate of progression is often much slower. Following a long-term gradual neurological decline, 

death often results from respiratory failure. 

 

5.1.2. Treatment 

 

Treatment options for NPC disease are quite limited. Most of the drugs used are aimed at 

controlling some of its symptoms such as seizures, abnormal posturing of limbs and tremors. 

Physical, speech and occupational therapy are also used to help with daily functioning. In 

combination with such treatments, other medications designed to reduce the synthesis of 

precursor metabolites or products that are known to accumulate in this disease are used (Aerts 

et al., 2006; Rosenbaum and Maxfield, 2011). 

 

Butyldeoxynojirimycin, also known as miglustat, is an inhibitor of glycosphingolipid biosynthesis 

licensed as a NPC modifying medicine in the European Union (Geberhiwot et al., 2018; Pineda et 

al., 2019). It was reported that its daily administration in NPC-/- mice reduces glycosphingolipid 

accumulation, delays the clinical signs of the disease and markedly prolongs survival (Stein et al., 

2012). It also stabilizes and ameliorates the course of human NPC disease (Patterson et al., 2015). 

However, while miglustat is significantly successful in delaying NPC disease progression, it does 

not mobilize the accumulation of intracellular cholesterol associated with this disorder. Another 

drug that has been tried is 2-hydroxypropyl-β-cyclodextrin (HPβCD), a cholesterol binding agent. 

HPβCD administration in NPC-/- mice delays clinical onset, increases lifespan, and decreases 

deposition of cholesterol and glycolipids in the central nervous system and other organs (Davidson 

et al., 2009; Liu et al., 2008; Matsuo et al., 2013). A wide range of other cholesterol-lowering 

agents including nicotinic acid, lovastatin, cholestyramine and their combinations has also been 

tested but has not reported improved neurological outcomes (Patterson et al., 1993). Low 

cholesterol diets are also often used but there is no evidence of their efficacy. Other treatments 

such as antioxidants like NAC, vitamin E or vitamin C have had little effect in modifying NPC 

pathology (Fu et al., 2013; Marín et al., 2014). Enzyme replacement to correct secondary enzyme 
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defects (Devlin et al., 2010) and future genetic interventions may hopefully represent promising 

therapies for NPC in the near future (Santos-Lozano et al., 2015). 

 

5.2. NPC EXPERIMENTAL MODELS 

 

NPC is an extremely complex disease in both clinical and physiological aspects. To date no single 

experimental model is capable of reproducing the complete pathology of the disease. It is thus 

essential to know all the available NPC disease models in order to properly choose the most 

appropriate one for the study’s objectives. 

 

NPC disease is caused predominantly by mutations in NPC1 (95% of cases) or NPC2 genes. Both 

genes are highly conserved among eukaryotes, which allows the generation of NPC models 

ranging from mammals to fungi, including mouse, zebrafish, fruit fly and yeast among others (Fog 

and Kirkegaard, 2019; Lopez and Scott, 2013). Mice are the most used model in the field, 

specifically the Npc1-null mice model known as Npc1nih (or Npc1m1n), which arose as a result of 

insertional mutagenesis in the BALB/c strain resulting in a Npc1 null allele (Loftus et al., 1997; 

Pentchev et al., 1980). These mice present accumulation of free cholesterol and 

glycosphingolipids and recapitulate the clinical phenotype of human NPC disease with loss of 

motor coordination, cognitive problems in learning and recall assays as well as profound 

inflammation in liver and brain among other aspects (Bhuvaneswaran et al., 1982; Morris et al., 

1982; Shio et al., 1982). However, although the Npc1-null mouse resembles the human disease 

progression, it is not the most translational model since very few NPC patients are homozygous 

for truncating mutations but present point mutations in NPC1 or NPC2 genes leading to misfolded 

NPC proteins. Consequently, other murine models with NPC1 point mutations have been 

generated and used in many studies. Among them, the Npc1pf/pf mouse model is characterized by 

producing a non-functional NPC protein due to a mutation in the cholesterol binding cavity (Xie 

et al., 2011). Another model is the Npc1I1061T mouse model, which harbors the I1061T missense 

substitution that leads to a misfolded NPC1 protein that is prematurely degraded (Praggastis et 

al., 2015). While the clinical features of the Npc1pf/pf mouse model are similar to Npc1nih mice, the 

disease in Npc1I1061T mice is less severe. Additionally, apart from genetically modified models, 

antisense oligonucleotide knockdown methods have been used in vivo to downregulate Npc1 

expression in livers of wild type mice. Such approaches result in hepatomegaly, lipid accumulation, 

cell death and liver damage (Rimkunas et al., 2008). 

 

In addition to the whole-organism models of NPC, other tools such as neuronal cells differentiated 

from stem cells and patient-derived cell lines are used to study NPC molecular mechanisms and 
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effects of potential therapies. The most common used cell lines are fibroblasts derived from 

human skin biopsies which facilitate the investigation of fundamental aspects of human NPC 

disease (Platt, 2018; Torres et al., 2017a). 

 

5.3. MOLECULAR MECHANISMS OF NPC DISEASE 

 

NPC disease is a multi-faceted pathology as it progresses via multiple pathways to affect 

numerous intracellular events that ultimately result in cell death. The involvement of many 

different events explains the difficulty of finding a unique and specific treatment for the disease 

and challenges NPC research to deeply characterize all the molecular mechanisms involved 

(Wheeler and Sillence, 2020). 

 

5.3.1. Altered cellular lipid content 

 

NPC1 is an integral membrane protein of 1278 amino acids with three luminal and thirteen 

transmembrane domains, as well as a lysosomal signal region. As stated in the section 1.4, NPC1 

plays an important role in cholesterol trafficking, in particular in late endosome exit and 

distribution to other organelles (Infante et al., 2008). In contrast, NPC2 is a soluble protein made 

up of 151 amino acids and four highly conserved domains responsible for cholesterol-binding and 

release. It resides in the lysosomal lumen and transfers cholesterol to NPC1 (Kwon et al., 2009). 

Mutations in NPC1 or NPC2 genes give rise to non-functional proteins overall leading to the 

lysosomal accumulation of cholesterol specifically in tissues such as the liver, spleen and brain 

(Figure I-25) (Kobayashi et al., 1999; Sokol et al., 1988). 

 

 

Figure I-25. Lipid-trafficking defects in NPC disease. Adapted from (Pacheco and Lieberman, 2008). 
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The truncated efflux of cholesterol out of lysosomes generates two main problems for the cell: 

there is an excessive amount of cholesterol-rich vesicles in the cytosol, and there is a relative 

deficiency of cholesterol in the organelles to which these compounds where originally destined, 

e.g. ER and Golgi (Du et al., 2011; Frolov et al., 2003; Garver and Heidenreich, 2002). Besides, the 

defect in lysosomal export tricks the cell into thinking that a cholesterol deficiency is currently 

present and that more cholesterol is needed. This results in increased de novo cholesterol 

synthesis and, consequently, elevated cellular cholesterol content (Liscum et al., 1989). 

  

Apart from cholesterol, other kinds of lipids also accumulate in NPC disease and have been 

associated to a variety of NPC-related pathologies. The most well-known are sphingomyelin and 

glycosphingolipids (GSLs), including complex gangliosides such as GM2 and GM3 (Davidson et al., 

2009; Newton et al., 2017). A particular consequence of GSLs accumulation is a defective 

intracellular calcium signaling, as has been demonstrated in several gangliosidoses (Lloyd-Evans 

et al., 2010). Defective intracellular calcium is damaging for the cell because calcium plays 

essential roles in regulating a variety of cellular events such as autophagy and cellular stress. 

 

5.3.2.  Impaired autophagy 

 

Autophagy is a conserved and regulated cellular mechanism that mediates the removal of 

unnecessary or damaged macromolecules and organelles. Firstly, a portion of cytoplasm 

containing molecules or organelles is enclosed by a phagophore resulting in the formation of an 

autophagosome. Then, the outer membrane of the autophagosome fuses with a late endosome 

to form an amphisome, which subsequently will fuse with a lysosome forming an autolysosome 

where the cargos are finally degraded by lysosomal hydrolases (Dikic and Elazar, 2018). 

 

The formation of autophagosomes is clearly enhanced in NPC disease as reported in different NPC 

models (Ko et al., 2005; Liao et al., 2007; Pacheco et al., 2007). However, the fusion of 

autophagosomes with late endosome is incomplete, translating in an accumulation of 

ubiquitinated proteins and dysfunctional organelles in the cell (Liao et al., 2007; Osellame and 

Duchen, 2014). The impairment of amphisome formation is mainly attributed to the inability of 

NPC1-deficient late endosomes to recruit components of the SNARE machinery involved in 

autophagosome-late endosome fusion (Figure I-26) (Sarkar et al., 2013). Overall, unbalance of 

autophagy induction and flux leads to autophagic stress, a critical cellular situation that precedes 

cell death (Elrick and Lieberman, 2013). 
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Figure I-26. Schematic representation of defective autophagy in NPC disease. Adapted from (Sarkar et al., 2013). 

 

5.3.3. Unbalanced oxidative stress and antioxidant defense 

 

Oxidative damage has been observed in animal and cellular NPC models as well as in NPC patients 

(Vázquez et al., 2012). Human NPC fibroblasts show upregulation of genes related to oxidative 

stress (De Windt et al., 2007; Reddy et al., 2006) in addition to increased concentrations of ROS 

and lipid peroxidation (Zampieri et al., 2009). Same features have been observed in tissues from 

NPC mutant mice (Smith et al., 2009; Torres et al., 2017b; Vázquez et al., 2011). Regarding to NPC 

patients, evaluation of plasma of NPC patients showed increased cholesterol oxidation products 

among other oxidative stress markers (Fu et al., 2010; Porter et al., 2010). 

 

Decreased antioxidant capacity is a key event associated with increase oxidative stress in NPC 

disease. Different studies have reported reduced GSH content in various NPC models, with a 

specific decrease in mitochondria (Marí et al., 2006; Torres et al., 2017b; Vázquez et al., 2011). 

Depletion of mGSH is critical for NPC disease as its replenishment by GSH ethyl ester (GSHee) 

restores the mGSH pool, protects from oxidative stress and rescues other parameters such as 

oxidative phosphorylation in tissues from Npc1-/- mice and Npc1 fibroblasts (Torres et al., 2017b). 

In contrast, replenishment of cytosolic GSH by NAC fails to restore the mGSH pool and shows little 

impact in improving NPC pathology (Fu et al., 2013; Torres et al., 2017b). 

 

5.3.4. Mitochondrial dysfunction 

 

Crosstalk between the late endocytic compartment and other organelles such as mitochondria or 

ER is nowadays one of the most studied topics in neurodegenerative disease research including 

NPC disease. Regarding mitochondria, it has been observed in NPC models that essential 

mitochondrial parameters such as ATP synthesis, mitochondrial morphology and the input of GSH 
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to the mitochondrial matrix are altered, and together result in a reduction in energy production, 

increased ROS generation and increased energy demand in NPC cells (Torres et al., 2017b; Visentin 

et al., 2013; Yu et al., 2005). 

 

One cause of mitochondrial damage is the release of lysosomal molecules to the cytosol due to 

lysosomal membrane permeabilization by excessive lipid content (Kosicek et al., 2018). Cathepsins 

are among these lysosomal released proteins. They act on mitochondria by triggering 

mitochondrial release of cytochrome c, which activates the intrinsic apoptotic pathway and, 

consequently, cell death (Amritraj et al., 2013; Cirman et al., 2004).  

 

5.4. REGULATION OF mCHOLESTEROL IN NPC DISEASE 

 

Mitochondrial dysfunction in NPC disease is also caused by the accumulation of cholesterol in the 

organelle. Interestingly, many studies have reported increased mCholesterol content in neurons 

and hepatocytes from Npc1-/- mice, event that may contribute to the reported increased 

mitochondrial membrane rigidity and decreased mGSH import (Charman et al., 2010; Fernández 

et al., 2009b; Marí et al., 2006; Yu et al., 2005). Although mCholesterol accumulation has emerged 

as a key player in NPC pathogenesis, the underlying mechanisms that lead to excess 

endolysosomal cholesterol shuttling to mitochondria instead of ER or Golgi are not fully 

understood. 

 

To the date, MLN64 has emerged as one of the potential key players in the transport of cholesterol 

from lysosomes to mitochondria in NPC disease. This contribution is based on the observed 

increased expression of MLN64 in fibroblasts from NPC patients, fact that correlates with elevated 

mCholesterol content and decreased mitochondrial membrane potential (Balboa et al., 2017). 

However, targeted mutation of the MLN64 STAR domain results in modest alterations in cellular 

sterol metabolism (Kishida et al., 2004). Another transporter that could be involved in the 

regulation of mCholesterol in NPC disease is StARD1. Although this protein is key in the 

intramitochondrial trafficking of cholesterol, the regulation of StARD1 in NPC disease has not been 

explored yet. It is thus important to further unravel the sophisticated connection between 

lysosomes and mitochondria in order to understand the impact of mitochondrial dysfunction in 

the progression of NPC disease.  
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Accumulation of cholesterol in mitochondrial membranes is a hallmark of chronic diseases, 

including cardiovascular disorders, cancer and Alzheimer's disease. In addition, previous studies 

have shown an association between increased mCholesterol levels and liver injury of different 

etiology including alcoholic and nonalcoholic liver diseases. mCholesterol increase influences the 

physical properties of mitochondrial membranes and negatively impacts on the organelle 

function. Besides, this event initiates a cascade of pathological processes that also result in cell 

and tissue damage. 

 

The overall goal of the present doctoral thesis is to study the effects of mCholesterol accumulation 

on hepatic function. We aim to further characterize mCholesterol-related pathological 

mechanisms underlying two specific liver diseases: alcoholic liver disease and Niemann-Pick Type 

C disease. These studies will not only provide a better understanding of the molecular mechanisms 

associated to these two disorders, but they will also uncover cellular vulnerabilities that could be 

explored for development of potential therapeutics for these pathologies. 

 

In order to address this overall aim, the following studies and their respective objectives are 

proposed: 

 

 

STUDY I. CHARACTERIZATION OF THE EFFECTS OF mCHOLESTEROL ACCUMULATION ON THE 

FUNCTION OF LIVER MITOCHONDRIA 

 

Cholesterol accumulation in mitochondrial membranes impacts on the organelle function as it 

triggers mitochondrial dysfunction at several levels such as changes in membrane biophysical 

properties and impaired mGSH import. Although many mechanisms regarding cholesterol-

mediated mitochondrial dysfunction have been deciphered in the last years, some aspects still 

require further clarification. The objectives of this first study are: 

 

 To examine the impact of mCholesterol accumulation on mitochondrial structure and function 

through in vivo and in vitro models specifically involving targeted manipulations of 

mCholesterol import and content. 

 

 To study the impact of mCholesterol accumulation on mitochondrial oxygen consumption 

rates and the assembly of mitochondrial respiratory supercomplexes. 
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STUDY II. EXAMINATION OF THE ZONAL-DEPENDENT ALCOHOL-INDUCED LIVER INJURY FOCUSING 

ON mCHOLESTEROL ACCUMULATION AND ITS REGULATION BY STARD1 

 

Many molecules and signaling pathways have been described on the pathological process of ALD 

during the past decades. Among them, mCholesterol accumulation has been described to induce 

mGSH depletion and increase oxidative stress overall resulting in liver damage. Among its 

regulators, the mCholesterol transporter StARD1 emerges as a potential key player in ALD. Many 

studies have described the contribution of StARD1 in a wide-range of disorders such as 

Alzehimer’s disease and drug-induced liver injury. However, the role of StARD1 in ALD remains to 

be understood. The objectives of this study are: 

 

 To analyze the distribution of StARD1 and the mCholesterol induced by alcohol intake along 

the hepatic acinus (periportal and perivenous zones). 

 

 To study the role of StARD1 and alcohol-induced mCholesterol accumulation on mitochondrial 

morphology and function in PP and PV hepatocytes. 

 

 

STUDY III. INVESTIGATION OF THE MOLECULAR MECHANISMS THAT LEAD TO mCHOLESTEROL 

ACCUMULATION IN NPC DISEASE 

 

In addition to lysosomes, cholesterol accumulation in mitochondria is a hallmark of NPC disease, 

which causes mitochondrial dysfunction and depletion of antioxidant defenses. However, the 

mechanism of mCholesterol accumulation in NPC disease remains unknown. StARD1 stands out 

for its role in intramitochondrial cholesterol trafficking and could be a potential regulator of 

mCholesterol levels in NPC disease. Thus, the objectives of this third study are: 

 

 To analyze StARD1 levels in different NPC models as a potential mechanism for mCholesterol 

accumulation. 

 

 To explore novel molecular pathways involved in StARD1 regulation and mCholesterol 

accumulation in NPC disease. 
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1. MOUSE MODELS 

 

All mice were raised under specific pathogen free conditions with controlled temperature and 

humidity on a 12h light-dark cycle in the animal care facility of the Medical School of Universitat 

de Barcelona. Animals had free access to water and food with the exception of the Lieber-DeCarli 

liquid diet model where mice were pair-fed. All studies were performed in male mice to avoid 

hormonal fluctuations of female estrouscycle. 

 

1.1. WILD TYPE MICE 

 

All wild type (WT) mice (C57BL/6 strain) were purchased from Charles River, USA, with the 

exception of NPC-/- studies where wild type littermates were used as controls. Prior to their use in 

a study, purchased mice rested for one week in order to get acquainted to the new environment. 

 

1.2. LIVER-SPECIFIC CONDITIONAL STARD1 KNOCKOUT MICE 

 

As mice with global StARD1 deletion die soon after birth due to adrenal lipoid hyperplasia, we 

generated mice with liver-specific StARD1 deletion (StARD1ΔHep) by means of the Cre-lox 

technology and the knockout-first allele strategy. To this end, a plasmid for targeted conditional 

deletion of StARD1 gene (Star tm1a(eucomm)Hmgu) was obtained from the Eucomm 

(International Mouse Phenotyping Consortium, IMPC) and used to transfect 129/C57bl6 

embryonic stem cells (ESC). The construct disrupts StARD1 gene by placing a LacZ reporter 

cassette (LacZ) 5′ of a loxP-flanked neomycin-resistance selection cassette (NEO), which lies 

immediately upstream of StARD1 exon 2. NEO facilitates in vitro selection of targeted ESC, while 

the LacZ cassette can be used in the generation of reporter-tagged animals, i.e., animals 

expressing LacZ in the tissues that express StARD1. A third loxP site is inserted immediately after 

StARD1 exon 5. In addition, two FRT (flippase recognition target) sites are inserted in the allele, 

one upstream of LacZ and one between NEO and the loxP site immediately before exon 2. This 

allele is referred to as “targeted mutation 1a” (tm1a), and is designated “knockout-first,” because 

the insertion of the LacZ trapping allele is itself expected to disrupt splicing of StARD1. Positive 

specific targeted ESC clones were then selected, amplified and microinjected in blastocysts. After 

implantation in pseudopregnant mice, we obtained chimeras that transmitted the targeted gene 

to their progeny. To then allow simultaneous removal of both the LacZ and NEO cassettes and 

restoration of StARD1 gene, StARD1tm1a mice were crossed with transgenic C57BL/6J mice 

expressing FLP1 recombinase that mediated the Frt sites recombination and resulted in two LoxP 

sites flanking exons 2 to 5 of StARD1 gene (Tm1b construction, floxed StARD1, StARD1f/f). 
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Homozygous StARD1 floxed animals were then crossed with albumin-Cre mice (C57BL/6-

TgN[AlbCre]21Mgn; Jackson Laboratories) to obtain StARD1f/f-AlbCre (construction tm1c, StARD1 

Liver-specific knockout, StARD1ΔHep). With the presence of the albumin promoter, these mice 

exhibit specific deletion of StARD1 in the liver with unchanged expression in steroidogenic tissues 

and white adipose tissue (Figure M-1).  

 

 

Figure M-1. Schematic of the EUCOMM vector design illustrating the targeting and 

recombination process for StARD1 gene. 

 

1.2.1.  Breeding 

 

Liver-specific conditional StARD1 knockout mice were backcrossed to C57BL/6J strain for 9 

generations. 8-weeks-old StARD1f/f littermates and StARD1ΔHep mice were fed a Liver DeCarli diet 

as described as follows. 

 

1.2.2.  DNA extraction 

 

StARD1f/f and StARD1ΔHep mice were genotyped by polymerase chain reaction (PCR) using ear-

clipped DNA. Genomic DNA was extracted from ear clipped tissue at weaning time (21 days) with 

QuickExtract DNA kit (Epicentre, QE09050). 

 

Protocol: 

­ Add 50μl of QuickExtract solution to each tube containing the tissue. 

­ Vortex the mix for 30sec. 

­ Incubate 6min at 65°C. 

­ Vortex the mix for 30sec. 

­ Incubate 2min at 98°C. 

­ Vortex the mix for 30sec and place the tube on ice. 
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­ Centrifuge the tube at 14000rpms for 2min at 4°C. 

­ Use 1μl of the extracted DNA (200ng of DNA approximately) for each PCR reaction. 

­ Store DNA at -20°C. 

 

1.2.3.  Genotyping 

 

Genotyping for StARD1 and Cre was performed using the following primers (Table M-1): 

 

Primer Sequence 5’ --> 3’ Primer Type 

Seq 5 arm 1F N9881 AAGGCCCTAGTTGTTCTGGA StARD1f/f 

StKO_frt_Rev TCCAGCCACATCTCTAACTCTCAAG StARD1f/f 

Cre_II_Forward AAATGGTTTCCCGCAGAAC StARD1ΔHep 

CRE_II_Reverse ATTGCTGTCACTTGGTCGTG StARD1ΔHep 
 

Table M-1. StARD1f/f and StARD1ΔHep genotyping primers. 

PCR mix (Table M-2): 

 

 [Stock] [Final] x1 reaction (µl) 

NH4 buffer 10X 1X 2 

MgCl2 50mM 3mM 1.2 

dNTP mix 10mM 0.2mM 0.4 

Primer mix (fw+rv) 10µM 300nM 0.6 

Biotaq (Bioline) 5u/µl 0.1u/µl 0.4 

DNA (sample) ̴200ng/µl ̴200ng 1 

H2O molecular biology grade - Up to 20µl 14.4 
 

Table M-2. Genotyping PCR mix. 

 

1.3. NPC1 KNOCKOUT MICE 

 

Npc1-/- mice (NPC1NIH, BALB/cJ strain) were obtained from The Jackson Laboratories. The mutant 

allele consists of 824bp of MaLR retroposon-like DNA that replaced 703bp of wild-type genomic 

sequence. 

 

1.3.1.  Breeding 

 

NPC1 knockout mice were propagated using heterozygous breeding pairs. Npc1-/- phenotype is 

inherited as an autosomal recessive trait so heterozygous breeding pairs yield 25% WT mice 

(NPC+/+), 25% NPC1-/- mice and 50% of heterozygous mice. WT littermates were used as controls. 

 

1.3.2.  DNA extraction 

 

Followed the step 1.2.2. 
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1.3.3.  Genotyping 

 

WT primers were used to amplify a 173-base pair (bp) product that is specific for the WT NPC1 

gene. To amplify the mutant gene, the same forward primer as wild type was used and a reverse 

antisense primer was used to amplify a 475-bp product that was specific for the mutant gene of 

the NPC1 gene (Table M-3): 

 

Primer Sequence 5’ --> 3’ Primer Type 

oIMR0927 TGAGCCCAAGCATAACTTCC Mutant 

oIMR0928 CTGTAGCTCATCTGCCATCG WT 

oIMR0929 TCTCACAGCCACAAGCTTCC WT 

oIMR4125 GGTGCTGGACAGCCAAGTA  
 

Table M-3. NPC+/+ and NPC-/- genotyping primers. 

 

For PCR mix we used the same conditions as with liver-specific conditional StARD1 knockout mice 

(Table M-2). 

 

2. IN VIVO EXPERIMENTAL MODELS 

 

All procedures involving animals and their care were approved by the Ethics Committee of the 

University of Barcelona and were conducted in accordance with institutional guidelines in 

compliance with national and international laws and policies. 

 

2.1. HIGH CHOLESTEROL DIET ADMINISTRATION 

 

8 weeks WT mice were randomly separated in two groups that were fed with a regular chow diet 

(CTRL) or a high cholesterol diet (HC, 2% cholesterol and 0.5% sodium cholate, custom made 

Research Diets, Brogaarden Denmark, C18021901) for up to two days. In some cases, mice were 

fed with a diet enriched in 0.5% sodium cholate (Research Diet) alone. 

 

2.2. LIEBER DECARLI LIQUID DIET ADMINISTRATION 

 

8 weeks WT, StARD1f/f or StARD1ΔHep mice were randomly separated in two groups that were fed 

with a Lieber DeCarli (LDC) liquid diet with maltodextrin (CTRL) or ethanol (EtOH) (Research Diets, 

Brogaarden, L10016A). The feeding period using LDC diet model started with gradually increased 

amounts of ethanol during five days to allow animals of EtOH group to ethanol adaptation 

followed by feeding with either CTRL or 5% EtOH diet for 10 days more. 
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LDC diet feeding protocol: 

 

­ Day 1: feed CTRL LDC liquid diet to all animals. 

­ Day 2: feed CTRL LDC diet to CTRL group and 1% EtOH LDC diet to EtOH group. 

­ Day 3: feed CTRL LDC diet to CTRL group and 2% EtOH LDC diet to EtOH group. 

­ Day 4: feed CTRL LDC diet to CTRL group and 3% EtOH LDC diet to EtOH group. 

­ Day 5: feed CTRL LDC diet to CTRL group and 4% EtOH LDC diet to EtOH group. 

­ Day 6-15: feed CTRL LDC diet to CTRL group and 5% EtOH LDC diet to EtOH group. 

 

Diet preparation: 

 

 Control LDC diet (CTRL): to prepare 1 liter of diet mix 778.22ml of tap water, 132.18g of 

L10016A diet and 89.6g of Maltodextrin. Mix with a blender and keep at 4°C. 

 Ethanol-containing LDC diet (EtOH): to prepare 1 liter of diet mix 817.82ml of tap water, 

132.18g of L10016A diet and 50ml of absolute ethanol. Mix with a blender and keep at 4°C. 

 

Diets were prepared fresh daily and were administered in feeding tubes. CTRL and EtOH diets 

were pair fed taking into account that each animal eats approximately 20ml of liquid diet per day. 

Control and treated mice body weight was measured weekly and survival was registered. 

 

2.3. GSH ETHYL ESTER ADMINISTRATION 

 

8 weeks WT mice submitted to CTRL or HC diet were treated with GSH ethyl ester (GSHee) (Sigma, 

St. Louis, MO) intraperitoneally at 1.25mmol/kg every 12 hours for a total of 2 days. 

 

3. SERUM ANALYSIS 

 

At the time of sacrifice, mice were anesthetized with a lethal dose of 100mg/kg of sodium 

pentobarbital intraperitoneally. Blood was harvested from the mouse tail or the lower cava vein 

depending on the experiment and centrifuged for 15min at 10000rpm at 4°C. Serum was 

subsequently collected from the top phase avoiding bottom phase contamination and diluted four 

times with saline.  

 

Serum cholesterol, bile acids and aminotransferases (alanine aminotransferase (ALT) and 

aspartate aminotransferase (AST)) were analyzed by the Clinical Core Laboratories at the Hospital 

Clinic i Provincial de Barcelona on an ADVIA 2400 Chemistry System (Siemens Medical Solutions, 
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Erlangen, Germany) using commercial available kits, ADVIA Chemistry System 1650 (Bayer-

Siemens) and CHOD-PAP (Roche Diagnostics). 

 

4. HEPATIC LIPID ANALYSIS 

 

Triglycerides, free fatty acids and total cholesterol content in liver were measured with a 

biochemical analyzer by the Clinical Core Laboratories at the Hospital Clinic i Provincial de 

Barcelona. Data was normalized by protein content, determined by Bradford protein assay. 

 

5. HISTOLOGY 

 

5.1. TISSUE HARVESTING AND PRESERVATION 

 

5.1.1.  Frozen tissue 

 

Tissues were quickly harvested after blood collection, flash frozen in liquid nitrogen and stored at 

-80°C. Flash frozen tissues were cut in a cryostat (Leica, CM-1950) at 8-12μm at an approximate 

temperature of -20°C. Sections were placed in superfrost slides (Menzel-Gläser, J18000AMNZ). 

 

5.1.2.  Formalin-fixed paraffin-embedded tissue 

 

Tissues were quickly harvested after blood collection, placed in histology cassettes, fixed in 10% 

formalin (Sigma, HT501128) for 48h and embedded in paraffin. Inclusion in paraffin was 

performed in an automated paraffin inclusor (Citadel 1000, Shandon) following this protocol: 

 

­ 1h in H2O two times. 

­ 1h in 70% ethanol two times. 

­ 1h in 90% ethanol two times. 

­ 1h in 100% ethanol two times. 

­ 1h in xylol two times 

­ 2h in paraffin two times. 

 

Once tissues were embedded in paraffin, paraffin blocks were made to improve the cutting 

process in the microtome (Leica, RM2155). Sections at 7μm were used for hematoxylin and eosin 

staining and cuts at 5μm were used for immunohistochemistry. Sections were placed in histogrip-

treated slides (VWR, 631-1553). 
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5.2. TISSUE STAININGS 

 

5.2.1.  Hematoxylin and eosin staining 

 

Hematoxylin and eosin (H&E) staining is the most widely used stain in histology. It has the ability 

to demonstrate a wide range of normal and abnormal cell and tissue components and it is a 

relatively simple stain to carry out on paraffin or frozen sections. Hematoxylin has a basic pH and 

it has affinity for acid structures such as the nuclei, which are referred as basophilic structures. 

Eosin acts as an acid dye staining basic structures, which are referred as acidophilic structures (e.g. 

cytoplasm). H&E staining was performed in 7μm formalin-fixed paraffin-embedded tissue liver 

sections. 

 

Protocol: 

­ Melt the paraffin in a stove at 100°C. 

­ Wash out the paraffin 10min in xylol. 

­ Sample hydration: rehydrate the sample with dilution series of ethanol (100% - 90% - 70% - 

30%) till distilled water (dH2O). Hydrated sections will allow aqueous reagents to penetrate 

into the tissue. 

­ Hematoxylin staining: 4min in Hematoxylin Solution, Harris Modified (Sigma, HHS32). Nuclei 

and acidic structures will appear reddish-purple stained. 

­ Wash out the extra hematoxylin with abundant running tap water. 

­ Differentiation: removes hematoxylin background staining and improves contrast. Rinse in 

alcoholic-HCl 96% (480ml absolute alcohol + 20ml HCl 12N) until a reddish stain appears. 

­ Rinse in ammoniacal water (dH2O with 3-4 drops of 25% ammoniac solution) until the staining 

turns blue again. 

­ Wash with running tap water for 2min. 

­ Rinse with dH2O for 2min. 

­ Eosin staining: rinse the sections in alcoholic eosin (Sigma, HT110132) for 1.5min. This step 

will stain many non-nuclear elements in different shades of pink. 

­ Sample dehydration: rinse samples through alcohol to remove all traces of water (70% - 90% 

- 100% alcohol). Eosin staining washes out with water so the more we maintain the samples 

in 70% ethanol the less eosin staining will remain. Rinse in xylol for 5min after that. 

­ Mount sections: use the DPX mounting media for histology (Fluka, 44581). Add a small drop 

of DPX to the specimen. Carefully place a cover slip onto the drop, avoiding air bubbles. 

­ Remove any excess of mounting media with a paper towel. 
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­ Samples can be observed with transmitted light microscopy (equipment used: Olympus BX41 

Microscope equipped with a Zeiss Axiocam 305 color digital camera). 

 

5.2.2.  Oil Red staining 

 

Oil Red O is a fat-soluble dye used for staining of neutral triglycerides and lipids on frozen sections. 

This staining must not be performed in paraffin-embedded tissue since paraffin embedding or 

alcohol based fixation removes most neutral lipids. 

 

Solutions: 

­ Oil Red Stock Solution: 0.5g Oil Red O (Sigma, O0625) in 100ml of isopropanol. Stir the solution 

overnight in a capped container to avoid isopropanol evaporation. 

­ Oil Red Working Solution: 60ml of stock solution with 40ml of dH2O. Stir and let it sit for 

several days so oil red is completely dissolved. Always paper filter before using it. 

 

Protocol: 

­ Let 8μm frozen sections to cool down at room temperature (RT) for 10min. 

­ Rinse in dH2O for 5 min, three times. 

­ Dip in 60% isopropanol 10sec. 

­ Rinse in Oil Red working solution 30min. 

­ Remove Oil Red excess by rinsing in 60% isopropanol 5 min, two times. 

­ Wash with dH2O for 5 min, 4 times. 

­ Counterstain with hematoxylin 5 min. 

­ Wash with dH2O for 5 min, 3 times. 

­ Mount sections: use an aqueous mounting media (Aquatex, Merck, 108562). Carefully place 

a cover slip on the mounting media, avoiding air bubbles. 

­ Allow samples to dry. 

­ Samples can be observed with transmitted light microscopy (equipment used: Olympus BX41 

Microscope equipped with a Zeiss Axiocam 305 color digital camera). 

 

5.3. IMMUNOHISTOCHEMISTRY 

 

Immunohistochemistry (IHC) refers to the process of detecting antigens (e.g. proteins) in tissue 

sections by exploiting the principle of antibodies binding specifically to antigens in biological 

tissues. This method encompasses a broad range of chemical reactions used to produce a 

microscopically visible signal where the antigen-antibody interaction is produced, usually by 
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generating a stain or sometimes emitting photons. In the studies carried out in this thesis we used 

this method to detect StARD1 in 5μm formalin-fixed paraffin-embedded tissue liver sections. 

 

Protocol: 

­ Melt the paraffin in a stove at 100°C. 

­ Wash out the paraffin 10min in xylol. 

­ Sample hydration: rehydrate tissue sections with dilution series of ethanol (100% - 90% - 70% 

- 30%) till dH2O. Hydrated sections will allow aqueous reagents to penetrate into the tissue. 

­ Antigen unmasking: this treatment undoes the bounds made by the action of formalin during 

the fixation revealing antigens for optimum immunostaining. 

o Put the slides in a container compatible with the microwave. 

o Cover the slides with citrate buffer (2% sodium citrate, pH 6.0). 

o Heat 9min in the microwave at 800W until it boils and then count 4min. 

o Let it cool down for 20min. 

­ Wash the sections with PBS 3 times for 3min. 

­ Endogenous peroxidase blocking: endogenous peroxidase activity is any activity that results 

in the degradation of H2O2. Such activity is a property of catalases in the liver. Since this 

protocol has a horseradish peroxidase (HRP)-based detection method it is necessary to block 

the endogenous peroxidase activity to reduce background staining. 

o Apply peroxidase-blocking solution on top of the liver sections for 10min. 

o Wash with PBS 3 times for 5min. 

­ Block with only antibody diluent for 20min (abcam, ab64211). 

­ Block with Avidin/Biotin blocking kit (10min for each) (Vector, SP2001). 

­ Primary antibody incubation: dilute StARD1 primary antibody (Santa Cruz, sc23524) in 

antibody diluent and incubate overnight at 4°C in a humidity chamber. 

­ Wash with PBS, 3 times for 3min. 

­ Incubate with a biotinylated secondary antibody for 45min in a wet chamber. 

­ Wash with PBS, 3 times for 3min. 

­ Incubate for 30min at RT with Avidin-Biotin complex (ABC) (Vector Laboratories, Vectastain 

kit PK6100D) reconstituted 30min before use. 

­ Wash with PBS, 3 times for 3min. 

­ Develop with DAB (diluted 1/10 with peroxidase buffer). Colour brown. Time is variable. 

­ Rinse with tap water. 

­ Counterstain with hematoxylin (Dako, S2020). 
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­ Rinse with tap water. 

­ Mounting: Use an aqueous mounting media (Aquatex, Merck, 108562) to mount the 

coverslips. Let dry for a few hours protected from the light. 

­ Samples can be observed with transmitted light microscopy (equipment used: Olympus BX41 

Microscope equipped with a Zeiss Axiocam 305 color digital camera). 

 

5.4. IMMUNOHISTOFLUORESCENCE 

 

Immunohistofluorescence (IHF) is a specialized type of IHC that uses fluorescent dyes to visualize 

antibody-antigen binding under a fluorescent microscope. Direct IF uses a single antibody directed 

against the target of interest that is directly conjugated to a fluorophore. Indirect ICF uses two 

antibodies: the primary antibody is unconjugated and the secondary antibody is fluorophore-

conjugated and directed against the primary antibody. 

 

Protocol: 

­ Let 12μm frozen sections to cool down at RT for 10min. 

­ Wash the sections with PBS 2 times for 5min. 

­ Fix sections in 10% formalin for 1h at RT. 

­ Wash with PBS 3 times for 5min. 

­ Block with antibody diluyent (Abcam, ab64211) and 10% Normal Goat Serum ready-to-use 

(Life technologies, #5000627) at RT for 20 and 10 minutes, respectively. 

­ Wash with PBS. 

­ Primary antibody incubation: dilute primary antibody in antibody diluyent (Abcam, ab64211) 

and incubate overnight at 4°C.  

­ Wash with PBS. 

­ Secondary antibody incubation: incubate sections with the appropriate fluorochrome-

conjugated secondary antibody for 45 minutes at RT. 

­ (Optional in case of cholesterol detection) Stain sections with 0.2mg/ml Filipin in PBS for 3 

hours at RT. 

­ Wash with PBS. 

­ Mounting: use fluorescent mounting medium (Dako, #S3023) or ProLong™ Diamond Antifade 

Mountant with DAPI (Invitrogen, P36962) to mount the coverslips. 

­ Samples can be observed with a fluorescence microscope (equipment used: Leica TCS-SPE 

DM2500). 
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6. ELECTRON MICROSCOPY 

 

Electron microscopy (EM) is a technique for obtaining high resolution images of biological and 

non-biological specimens. It is mainly used to investigate the detailed structure of tissues, cells, 

organelles and macromolecular complexes. The high resolution of EM images results from the use 

of electrons instead of photons (light) as the source of illuminating radiation. 

 

In the present thesis we have carried out transmission electron microscopy (TEM) in order to 

perform liver ultrastructure examinations. We have used a transmission electron microscope JEOL 

JEM-1010 fitted with a Gatan Orius SC1000 (model 832) digital camera from the Electron 

microscopy unit at the Facultat de Medicina, Universitat de Barcelona. 

 

Buffers (Table M-4): 

 

HANKS 10X  HANKS 1X (freshly prepared) 

Compound Concentration Compound Concentration 

NaCl 1.4M HANKS 10X 10% 

KCl 53.6mM Hepes 12.6mM 

MgSO4·7H2O 8.1mM NaHCO3 25mM 

Na2HPO4·2H2O 6.7mM mQ-H2O - 

KH2HPO4 8.8mM 

mQ-H2O - 
 

Table M-4. Buffers HANKS10X and HANKS1X used for electron microscopy protocol. 

 

Saturate HANKS 1X buffer with 95% CO2 and 5% O2 for 20min to stabilize the pH, and then add 

the rest of the compounds to HANKS1X to complete HANKS I (Table M-5):  

 

HANKS I (cleaning buffer) 

Compound Concentration 

BSA 0.5% 

EGTA 0.9mM 
 

Table M-5. Buffer HANKS I used for electron microscopy protocol. 

 

Fixative: 3% glutaraldehyde solution in phosphate buffer. 

 

Protocol: 

­ Allow HANKS I buffer to reach 37°C in a water bath. 

­ Aliquot around 30ml of 3% glutaraldehyde solution per mouse and leave it at RT (keep the 

rest of solution on ice). 

­ Clean the peristaltic pump tubes with 70% EtOH, dH2O and then fill the circuit with warm 

HANKS I buffer at a speed of 6-8ml/min. 
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­ Anesthetize the mouse with a dose of 100mg/kg of sodium pentobarbital intraperitoneally. 

­ Prepare one surgical suture about 12cm long (Lab. Aragó S.A., Seda trenada 2/0). 

­ Open the mouse with a laparotomy. 

­ Place one suture under the portal vein. 

­ Insert the catheter (BD, 381212) into the portal vein and immobilize it with the suture around 

it. If the catheter does not fill with blood, fill it with warm HANKS I buffer avoiding bubble 

formation. 

­ Stop the peristaltic pump (Cole-Parmer, MasterFlex L/S, #7553-79) and connect it to the 

catheter. Avoid bubble formation. 

­ Start the pump and cut the inferior cava vein so the blood can exit the system. 

­ Clean the liver with HANKS I buffer. This will prepare the liver for fixation. Make pressure 

above the cut part of the inferior cava vein with the tweezers during 10sec to allow the buffer 

penetrate in the liver. 

­ Once the liver is clean, change to 3% glutaraldehyde at RT. 

­ Perfuse the liver with the fixative until the liver turns pale and becomes stiff (it can take 

around 5min). 

­ After fixation, carefully remove the liver and place it in a petri dish with cold 3% 

glutaraldehyde covering it. 

­ Cut 3-4 cubes of 1-2mm3 with a blade. Determine which lobe will be used for this analysis and 

always cut cubes from the same lobe (cubes are usually obtained from the big lobe). 

­ Place cubes in a 2ml tube containing 1.5ml of cold 3% glutaraldehyde (1.5ml). 

­ Keep cubes at 4°C and bring them to the TEM unit in order to be processed as follows: 

o Liver tissue fragments are post-fixed in 1% osmium tetroxide, dehydrated, and 

embedded in epoxy resin. Semithin sections are then cut and stained with methylene 

blue for light microscopy. After determining the hepatic zone of interest under an 

optical microscope, the selected sections are piramidized to perform ultrathin 

sections that are stained with 2% uranyl acetate for 10min and with a lead-staining 

solution for 5min. Ultrathin sections are then placed into a 100 mesh grid and 

observed using the transmission electron microscope JEOL JEM-1010 fitted with a 

Gatan Orius SC1000 (model 832) digital camera (Figure M-2). Images from stained 

ultrathin sections are acquired by moving at random across the EM grid (two grids per 

animal) and then analyzed using the iTEM analysis program (Soft Imaging System, 

Muenster, Germany).  
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Figure M-2. TEM strategy to locate PP and PV areas in a same section for TEM visualization. 

 

ImageJ software has been used to quantify mitochondrial size and number. Analyses of 

hepatocytes lipid droplet and glycogen content have been performed with the trainable Weka 

Segmentation plug-in from ImageJ in collaboration with the advanced optical microscopy unit at 

the Facultat de Medicina, Universitat de Barcelona. 

 

7. IMMUNOCYTOFLUORESCENCE AND LASER CONFOCAL IMAGING 

 

Immunocytofluorescence (ICF) is a method used to detect a target (e.g. protein) in cells using an 

antibody and subsequent visualization using a fluorophore. The fluorophore is then detected by 

fluorescence microscopy, always involving excitation of fluorescence with a defined wavelength 

band of light and detection of the longer-wave emission from the fluorophore. 

 

Confocal microscopy is an optical imaging technique that can be used in ICF since it increases 

optical resolution and contrast of a sample by using point illumination and a spatial pinhole 

eliminating the out-of-focus light in specimens that are thicker than the focal plane. 

 

Protocol: 

­ Seed cells in 6 or 12-wells plates containing coverslips. 

­ Fix cells with 4% paraformaldehyde for 15min at RT. 

­ Wash three times with PBS. 

­ Permeabilization and blocking: incubate coverslips with 0.2% saponin and 1% FFA-BSA in PBS 

for 15min at RT. 

­ Wash three times with PBS. 

­ Incubate coverslips with primary antibody diluted in 1% FFA-BSA/PBS overnight at 4°C (Table 

M-6). 

­ Wash twice with PBS. 
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­ Incubate with secondary antibody diluted in 0.1% FFA-BSA/PBS for 1h at RT and protected 

from light (Table M-7). 

­ Wash three times with PBS. 

­ (Optional in case of cholesterol detection) Incubate with Filipin at 0.33mg/ml for 15min at RT 

at dark. 

­ Wash three times with PBS. 

­ Mount the coverslips on glass slides with mounting medium. 

­ Allow mounting medium to dry out at least 2h. 

­ Visualize the samples in a confocal fluorescence microscope (equipment used: Leica TCS-SPE 

DM2500). 

o Filipin: λex 340-380nm / λem 385-470nm 

o Alexa 488:  λex 495nm / λem 519nm 

 

Antibody Host Dilution Buffer Reference Company 

ACDase Rb 1:200 1% FFA-BSA/PBS SAB3500293 Sigma Aldrich 

Cyt C Mo 1:200 1% FFA-BSA/PBS 556432 BD Pharmingen 

TOM20 Rb 1:200 1% FFA-BSA/PBS sc11415 SCBT 
 

Table M-6. Primary antibodies used in ICF. Rb, rabbit. Mo, mouse. SCBT, Santa Cruz Biotechnology. 

 

Antibody Host Dilution Buffer Reference Company 

Anti-mouse IgG 
antibody conjugated 
with Alexa Fluor 488 

Chicken 1:1000 0.1 FFA-BSA/PBS A-21200 ThermoFisher 

Anti-rabbit IgG 
antibody conjugated 
with Alexa Fluor 488 

Chicken 1:1000 0.1 FFA-BSA/PBS A-21441 ThermoFisher 

 

Table M-7. Secondary antibodies used in ICF. Rb, rabbit. Mo, mouse. SCBT, Santa Cruz Biotechnology. 

 

8. CELL CULTURE 

 

8.1. PRIMARY MOUSE HEPATOCYTES 

 

Hepatocytes located in the periportal and perivenous zones of the liver lobule show remarkable 

differences in the levels and activities of various enzymes and other proteins. Depending on the 

purpose of the experiment, two different types of primary mouse hepatocytes (PMH) isolations 

were performed: 

 

 Total PMH isolation: results in a mixed suspension of PP and PV hepatocytes. 

 PP/PV PMH isolation: allows the obtaining of enriched populations of the two cell types 

separately. 
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8.1.1.  Total PMH 

 

8.1.1.1.  Isolation 

 

Total PMH were isolated by collagenase perfusion through portal vein followed by a differential 

centrifugation.  

 

Buffers (Table M-8):  

 

HANKS 10X  HANKS 1X (freshly prepared) 

Compound Concentration Compound Concentration 

NaCl 1.4M HANKS 10X 10% 

KCl 53.6mM Hepes 12.6mM 

MgSO4·7H2O 8.1mM NaHCO3 25mM 

Na2HPO4·2H2O 6.7mM mQ-H2O - 

KH2HPO4 8.8mM 

mQ-H2O - 
 

Table M-8. Buffers HANKS10X and HANKS1X used for PMH isolation. 

 

Saturate HANKS 1X buffer with 95% CO2 and 5% O2 for 20min to stabilize the pH, and then add 

the rest of the compounds to HANKS1X to complete HANKS I and II (Table M-9):  

 

HANKS I (cleaning buffer)  HANKS II (digestion buffer) 

Compound Concentration Compound Concentration 

BSA 0.5% Collagenase (fraction V) (Sigma, C5138) 160U/ml 

EGTA 0.9mM CaCl2·2H2O 4mM 
 

Table M-9. Buffers HANKS I and HANKS II used for PMH isolation. BSA, Bovine serum albumin. 

 

EGTA is crucial in the cleaning buffer to avoid coagulation and calcium is necessary for the 

digestion buffer as a cofactor of the collagenase. Filter buffers through a 0.45μm bottle filter. All 

the compounds were purchased from Sigma Aldrich. 

 

Protocol: 

­ Allow HANKS I and II buffers to reach 37°C in a water bath. 

­ Clean the peristaltic pump tubes with 70% EtOH, dH2O and then fill the circuit with warm 

HANKS I buffer at a speed of 6-8ml/min. 

­ Anesthetize the mouse with a dose of 100mg/kg of sodium pentobarbital intraperitoneally. 

­ Prepare one surgical suture about 12cm long (Suturas Aragó, Seda trenzada negra 2/0). 

­ Open the mouse with a laparotomy. 

­ Place one suture under the portal vein. 
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­ Insert the catheter (BD Insyte, 381212) into the portal vein and immobilize it with the suture 

around it. If the catheter does not fill with blood, fill it with warm HANKS I buffer avoiding 

bubble formation. 

­ Stop the peristaltic pump (Cole-Parmer, MasterFlex L/S, #7553-79) and connect it to the 

catheter. Avoid bubble formation. 

­ Start the pump and cut the inferior cava vein so the blood can exit the system. 

­ Clean the liver with HANKS I buffer. This will prepare the liver for digestion. Make pressure 

above the cut part of the inferior cava vein with the tweezers during 10sec to allow the buffer 

penetrate in the liver. 

­ Once the liver is clean, change to HANKS II buffer to start the digestion. It will take 3-6min to 

digest. Make pressure in the inferior cava vein with the tweezers during 10sec to better 

perfuse in the liver. The liver will turn slightly white/brown while it starts swelling. It is crucial 

to reach an optimal digestion point since too much or insufficient digestion will result in poor 

hepatocyte viability and content. The liver is digested when it does not increase its volume 

when applying the pressure at the cut part of the inferior cava vein. 

­ Pour some HANKS II buffer in a petri dish and prepare a small Erlenmeyer with a funnel and a 

sterile maze to filter the non-digested parts of the liver. 

­ Take the liver out and disaggregate the tissue in a petri dish with HANKS II buffer using a pair 

of tweezers to liberate the hepatocytes from the digested liver. 

­ Filter hepatocytes through the maze and adjust to a final volume of 50ml with HANKS II buffer. 

­ Centrifuge at 60xg for 3min at 4°C. 

­ Discard the supernatant containing Kupffer, hepatic stellate and sinusoidal endothelial cells 

and resuspend the pellet containing the hepatocytes with warm isolation medium (twice the 

volume of the pellet). 

­ After hepatocytes resuspension, use Trypan Blue staining to determine hepatocytes viability 

rate and cellular concentration. Isolations with a viability rate below a 70% were discarded: 

o Dissolve 50μl of the resuspended hepatocytes in 950μl of 0.2% Trypan Blue (Sigma, 

T8154). 

o Wait a minute and start to count for alive (white) and dead (blue) cells using a Neubauer 

Chamber. 

o Multiply the number of cells by the Trypan Blue dilution factor (1/20) and by the volume 

of the Neubauer Chamber (104 cells/ml). The sum of alive and dead cells will give us the 

total number of cells that we will use to calculate the % of viability: alive cells/total 

number of cells x100. 
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8.1.1.2.  Culture 

 

After isolation, PMH were seeded on culture vessels at different densities depending on the vessel 

type and the purpose of the experiment. Culture vessels were precoated with collagen in order to 

ensure hepatocyte adhesion. 

 

Protocol for plates’ collagen coating: 

­ Prepare 0.02M Acetic Acid in mQ-H2O (114µl Acetic Acid + 100ml mQ-H2O) and filter it with a 

0.2µm filter to sterilize it. 

­ Prepare a 50µg/ml collagen solution in 0.02M Acetic Acid (commercial Collagen I, rat tail, 

Gibco A10483-01). The volume of collagen solution to prepare depends on the number and 

type of culture vessels to be coated. 

­ Cover the desired vessels with the collagen solution. 

­ Incubate for 20-30min at RT. 

­ Aspirate collagen. 

­ Let vessels air dry in the cell culture hood for minimum 30min. 

­ Cover vessels with tin foil and keep them at 4°C until needed. 

­ Prior to use, wash them once or twice with PBS to remove residual acetic acid. 

 

Once seeded, PMH were kept in an incubator at 37°C with 5% CO2. Two different culture media 

were used: isolation medium, which is supplemented with fetal bovine serum (FBS) and used for 

the first 3h post isolation, and maintenance media, a non-FBS supplemented medium used for the 

rest of the culture and during the treatments (Table M-10). 

 

 

Isolation Medium (with FBS)  Maintenance Medium (without FBS) 

Compound Concentration Compound Concentration 

DMEM:F12 
(Gibco, 21331-020) 

 
DMEM:F12 

(Gibco, 21331-020) 
 

Penicilin/Streptomycin 
(Gibco, 15140-122) 

100U/ml 
Penicilin/Streptomycin 

(Gibco, 15140-122) 
100U/ml 

L-Glutamine 
(Gibco, 25030-024) 

200mM 
L-Glutamine 

(Gibco, 25030-024) 
200mM 

Hepes pH 7,4 
(Sigma, H4034) 

150mM 
Hepes pH 7,4 

(Sigma, H4034) 
150mM 

FBS (Gibco, 26140079) 10% 
 

Table M-10. Mediums used for PMH culture. 
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8.1.1.3.  Treatments 

 

PMH keep their phenotype for 36-48h after isolation, so treatments should be done during this 

time to avoid artifacts. 

 

8.1.1.3.1. CoCl2 and EtOH treatment 

 

To assess the effects of hypoxia and ethanol in PMH, cultured PMH were treated for 24 hours with 

100µM cobalt chloride (CoCl2) (Sigma, C8661) and/or 100mM absolute ethanol (EtOH) (Merck, 

100983). 

 

8.1.1.3.2. U18666A treatment 

 

Cultured PMH were treated with 2µg/ml U18666A (Calbiochem, 662015) for 16 hours. 

 

8.1.2.  PP/PV PMH 

 

PP/PV PMH isolation shares the same culture and treatment conditions with total PMH isolation 

but differs in the isolation procedure. 

 

8.1.2.1.  Isolation 

 

PP and PV PMH were obtained through perfusion of portal and superior cava veins followed by a 

dual digitonin-collagenase digestion and differential centrifugation. This technique is based on the 

destruction of unwanted cells by using digitonin, which is a non-ionic detergent that permeabilizes 

cell membranes. Only one cell population type is obtained per mouse. 

 

Buffers: 

 

 HANKS 10X, HANKS 1X and HANKS I are the same as the ones used for Total PMH isolation 

(see Tables M8 and M9). 

 HANKS II differs in the Collagenase content since for PP/PV PMH isolation only a 1/3 of 

Collagenase is added (53.3U/ml).  

 Digitonin buffer: 2.5mM Digitonin (Sigma, D5628) in HANKS 1X + 0.5% BSA. Heat in a 

microwave 40ml of 2.5mM Digitonin HANKS 1X until it boils. Stir and heat again until it 

completely dissolves. It may take a while. Be careful because boiling can make the solution 

rise and pour out of the vase. When completely dissolved, place the solution in a water bath 
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at 55°C for 10 min. When it reaches 55ªC, add 0.5% of BSA and stir with a magnetic bar to 

dissolve properly. 

 

Protocol: 

 

­ Allow HANKS I and II buffers to reach 37°C in a water bath. 

­ Allow digitonin buffer to reach 55°C in a water bath. 

­ Clean the peristaltic pump tubes with 70% EtOH, dH2O and then fill the circuit with warm 

HANKS I buffer at a speed of 3ml/min. 

­ Anesthetize the mouse with a dose of 100mg/kg sodium pentobarbital intraperitoneally. 

­ Prepare two surgical sutures about 12cm long (Suturas Aragó, Seda trenzada negra 2/0). 

­ Open the mouse with a laparotomy. 

­ Place one suture under the portal vein. 

­ Insert the catheter (BD Insyte, 381212) into the portal vein and immobilize it with the suture 

around it (Figure M-3). If the catheter does not fill with blood, fill it with warm HANKS I buffer 

avoiding bubble formation. 

­ Place a cap onto the catheter end to avoid blood loss. 

­ Open the mouse chest cavity carefully. 

­ Put one suture under the superior cava vein. 

­ Insert a catheter into the superior cava vein from the heart connection towards the liver and 

immobilize it with the suture around it (Figure M-3). If the catheter does not fill with blood, 

fill it with warm HANKS I buffer avoiding bubble formation. 

­ Stop the peristaltic pump (Cole-Parmer, MasterFlex L/S) and connect it to the appropriate 

catheter avoiding bubble formation. HANKS I solution perfusion at 3ml/min is done through 

the vein closest to the hepatocyte population that we want to isolate: 

o If PP PMH isolation: connect the pump through portal vein. 

o If PV PMH isolation: connect the pump through superior cava vein. 

­ Start the pump and check that the blood exits the system through the opposite vein cleaning 

the liver with HANKS I buffer.  

­ Once the liver is clean, proceed to hepatocyte digitonin destruction. Digitonin perfusion is 

done at 0.5ml/min in the opposite flow of wash and digestion, i.e., perfuse through the vein 

closest to the hepatocyte population we want to destroy: 

o If PP PMH isolation: add digitonin buffer through superior cava vein. 

o If PV PMH isolation: add digitonin buffer through portal vein. 

Digitonin perfusion is fast, it will take around 10-30sec. Wait until a pattern is observed. 



Materials and methods 

98 
 

­ Disconnect the pump and perfuse again with HANKS I through the opposite direction of 

digitonin flow in order to remove all digitonin remains.  

­ Change to HANKS II buffer to start the digestion. It will take 3-6min to digest. 

­ Pour some HANKS II buffer in a petri dish and prepare a small Erlenmeyer with a funnel and a 

sterile maze to filter the non-digested parts of the liver. 

­ Take the liver out and disaggregate the tissue in a petri dish with HANKS II buffer using a pair 

of tweezers to liberate the hepatocytes from the digested liver. 

­ Filter hepatocytes through the maze and adjust to a final volume of 50ml with HANKS II buffer. 

­ Centrifuge at 60xg for 4min at 4°C. 

­ Discard the supernatant and resuspend the pellet containing PP or PV PMH with warm 

isolation medium (twice the volume of the pellet). 

­ After hepatocytes resuspension, use Trypan Blue staining to determine hepatocytes viability 

rate and cellular concentration as explained in chapter 6.1.1.1. Isolations with a viability rate 

below a 70% were discarded. 

 

 

Figure M-3. Schematic view of portal and superior cava veins cannulation 

performed during the protocol to obtain PP or PV hepatocytes. Adapted from 

(“Systemic Veins. Structure of the Veins. Functions of the Veins,” n.d.). 

 

8.2. HUMAN SKIN FIBROBLASTS 

 

Control human skin fibroblasts (NPC+/+) were obtained from control individuals: GM5659D from 

Coriell Institute for Medical Research, NJ, USA. NPC1 knock-out human fibroblasts (NPC-/-) were 
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obtained from patients with NPC disease: AK2 from the Laboratoire de Biochimie Metabolique, 

Institut Federatif de Biologie (CHU Toulouse, France) and GM03123 from Coriell Institute for 

Medical Research, NJ, USA. 

 

8.2.1.  Culture 

 

NPC+/+ and NPC-/- fibroblasts were cultured in DMEM (Invitrogen, 41966-052) with 10% FBS and 

10000U/ml Penicillin-Streptomycin at 37°C in an atmosphere of 95% air and 5% CO2. Aliquots of 

low passages should be frozen down in order to always have a source of cells in early passages. 

 

Passaging protocol: 

­ Remove and discard culture medium. 

­ Wash with warm PBS to remove all traces of serum that could inhibit trypsin action. 

­ Add Trypsin-EDTA (Invitrogen, 25200-056) to the culture vessel (the volume to add depends 

on the vessel type). 

­ Place the vessel in the incubator at 37°C for 2min maximum. 

­ Observe vessel under an inverted microscope to verify that cells have been detached. 

­ Add complete growth medium and collect cells by gently pipetting. 

­ Transfer the appropriate volume of cell suspension to new culture vessels. The suggested 

subcultivation ratio is 1:2. It is also recommended to renew medium twice per week.  

 

Freezing protocol: 

­ Prepare 5% dimethyl sulfoxide (DMSO) growing media. 

­ Add around 2 million cells per cryotube and progressively freeze them down by first placing 

the tube on dry ice for 1hour, then to -80°C for a week and then to liquid nitrogen for definitive 

storage. 

 

Thawing protocol: 

­ Thaw the cells quickly and seed them in a small culture vessel. 

­ Switch the media after 4h when cells are attached in order to remove the toxic DMSO of the 

freezing media. 

 

8.2.2.  Treatments 

 

8.2.2.1. U18666A treatment 

 

Cultured human skin fibroblasts were treated with 2µg/ml U18666A (Calbiochem, 662015) for 16 

hours. 
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8.2.2.2. ACDase overexpression 

 

Fibroblasts from NPC patients were transfected with cDNA to overexpress ACDase (ASAH1) (MGC 

Human ASAH1 Sequence-Verified cDNA, Accession: BC016481, Clone ID: 3923451) commercially 

purchased from GE Dharmacon. Scrambled control GFP vector was used as a control. Transfection 

was performed using Lipofectamine 2000 Transfection Reagent (Invitrogen, 11668019). 

 

Protocol: 

­ Seed cells to be 70-90% confluent at transfection. 

­ Dilute Lipofectamine 2000 Transfection Reagent in Opti-MEMTM Medium (Gibco, 31985070).  

­ Dilute DNA in Opti-MEMTM Medium. 

­ Add diluted DNA to diluted Lipofectamine (1:1 ratio). 

­ Incubate for 20min at RT. 

­ Add DNA-lipid complex to cells. 

­ Incubate cells at 37°C for 4-6h. 

­ Change media to standard fibroblasts culture media (DMEM + 10% FBS + P/S). 

­ Perform cell analyses 48h after transfection. 

 

8.2.2.3. Hydrogen peroxide treatment 

 

Human skin fibroblasts were treated with 1mM hydrogen peroxide (H2O2) (Sigma, H1009) for 24h 

to evaluate ROS and cell viability. 

 

9. MITOCHONDRIAL ANALYSIS 

 

9.1. MITOCHONDRIAL ISOLATION 

 

Mitochondrial isolation is a necessary procedure to be able to analyze different components such 

as cholesterol and GSH specifically in mitochondria. We isolated mitochondria from total liver 

homogenate and from cell extracts. 

 

9.1.1.  Liver mitochondria isolation 

 

Buffers (Table M-11): 
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Buffer A (pH 7.4)  Buffer B (pH 7.4) 

Compound Concentration Compound Concentration 

Mannitol 225mM Sucrose 395mM 

Sucrose 75mM EGTA 0.1mM 

EGTA 0.1mM Hepes-KOH 10mM 

FFA-BSA 1mg/ml mQ-H2O - 

Hepes-KOH 10mM 

mQ-H2O - 
 

Table M-11. Buffers for liver mitochondria isolation. Keep them at 4˚C. Buffer B is used to 

prepare Percoll gradients. FFA-BSA, Fatty acid-free bovine serum albumin. All the reagents 

were purchased from Sigma Aldrich. 
 

 

Protocol: 

­ Add 4.5ml of Buffer A for each gram of liver. 

­ Cut the liver in pieces and homogenate it using a drill-driven Teflon dounce homogenizer at 

1200rpms (4 times up and down). 

­ Add twice the volume of buffer A (Vfinal= 9ml). 

­ Take and aliquot of 600-700μl for liver homogenate measurements. 

­ Centrifuge the rest of liver homogenate at 700g for 15min at 4˚C. 

­ Discard the pellet and collect the supernatant. 

­ Centrifuge the supernatant at 10000g, 15min at 4˚C. 

­ Discard the supernatant and re-suspend the pellet containing mitochondria in 0.5ml of Buffer 

B (the final volume will be 1ml approximately). This fraction contains mitochondria together 

with leftovers of other organelles (crude mitochondria). 

­ For each sample, prepare an ultracentrifuge tube with 7ml of 26% Percoll (Sigma, P1644) and 

3ml of 60% Percoll in Buffer B. 

­ Add the entire sample volume on top of the 26% Percoll top layer. 

­ Equilibrate the tubes to the same weight with Buffer B. 

­ Ultra centrifuge samples at 15500rpms, 35min at 4°C. In this step, mitochondria will pass 

through the 26% Percoll gradient and will stop at the beginning of the 60% Percoll. 

­ Discard the layers above the mitochondria’s band with a plastic Pasteur pipette. 

­ Gently collect the mitochondria’s band with a glass Pasteur pipette and put it in a new tube. 

­ Add a big volume of Buffer B to the mitochondrial fraction and centrifuge it at 10000g, 15min 

at 4˚C to wash it. Repeat this step twice. 

­ Discard the supernatant and resuspend the pellet containing mitochondria with 350μl of 

Buffer A (so the final volume of mitochondria is around 500μl due to the remaining volume of 

buffer B after discarding the supernatant). This fraction contains pure mitochondria. 
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9.1.2.  Cellular mitochondria isolation 

 

PMH and fibroblasts were fractionated into cytosol and mitochondria by digitonin 

permeabilization. 

 

Buffers (Table M-12): 

 

Krebs buffer (pH 7.4)  Mannitol Buffer - Digitonin (MBD) (pH 7.4) 

Compounds Concentration Compounds Concentration 

Krebs-Henseleit 1% Mannitol 250mM 

Hepes 16.8mM EDTA 19.8mM 

NaHCO3, 24mM Hepes 17mM 

CaCl2·2H2O 2.7mM Digitonin 0.15% 

mQ-H2O - mQ-H2O - 
 

Table M-12. Buffers used for cellular mitochondria isolation. All reagents were purchased from Sigma. 

 

Protocol: 

 

 PMH preparation 

 

­ Immediately after PMH isolation and cell counting, pellet 1·106 PMH and resuspend them with 

600µl of Krebs buffer (cell homogenate).  

 

 Fibroblasts preparation 

 

­ Wash cultured fibroblasts with PBS solution to remove all traces of serum that could inhibit 

trypsin action. 

­ Add Trypsin-EDTA (Invitrogen, 25200-056) to the cell culture dish and tripsinize cells normally. 

­ Add culture medium with FBS to stop trypsinisation and centrifuge to obtain a cell pellet. 

­ Resuspend the cell pellet with Krebs buffer and determine cell concentration by Trypan Blue. 

­ Aliquot and pellet 2·106 fibroblasts and finally resuspend them with 600µl of Krebs Buffer (cell 

homogenate). 

 

 Cell Fractioning 

 

­ From the cell homogenate, separate: 

o 50µl for total protein determination 

o 50µl for total GSH measurement 

o 500µl for cytosolic-mitochondrial fractioning 
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­ Prepare 1.5ml centrifuge tubes containing from the bottom to the top: 100µl of 10% 

trichloroacetic acid (TCA) (Sigma, T6399), 500µl of a 6:1 (v/v) mixture of silicone (Sigma, 

175633) and paraffin oil (Sigma, 18512), and a 100µl top layer of MBD at 37°C. 

­ Rapidly, add 500µl of cell homogenate inside the 100µl MBD top layer and wait for 30sec at 

RT (in this short incubation, digitonin makes holes in the cell membrane but it does not 

damage mitochondria). 

­ Subsequently, centrifuge tubes for 1min at 13000rpm at RT to separate cytosolic and 

mitochondrial fractions. 

­ 3 layers appear: 

o Bottom layer: contains the mitochondrial fraction in 10% TCA. 

o Middle layer: contains the Silicon:Paraffin oil. 

o Top layer: contains the cytosolic fraction. 

 

To analyze cytosolic GSH levels, take a known volume of the cytosolic fraction, dilute with 10% 

TCA (1:1 ratio) and follow Protocol 9. mGSH levels can be read directly since the fractioning has 

been performed with 10% TCA in the lower phase. To analyze total GSH levels, the separated 50μl 

aliquot of cell homogenate (first steps of the protocol) should be diluted with 10% TCA (1:1 ratio). 

 

9.2. MITOPLASTS PREPARATION 

 

A mitoplast is a mitochondrion that has been stripped of its outer membrane leaving the inner 

membrane intact. In the present doctoral thesis, mitoplasts were prepared by selective 

solubilization of the outer mitochondrial membrane using digitonin. 

 

Protocol: 

­ Isolate pure mitochondria from liver following the protocol described on 7.1.1. 

­ Prepare a pure mitochondrial protein suspension at 8µg/µl in Buffer B (395mM sucrose, 

0.1mM EGTA and 10mM HEPES; pH 7.4). 

­ Prepare a solution of Digitonin 0.768% in Buffer B (7.68µg digitonin/µl). Warm the solution up 

until digitonin is completely dissolved and then cool it down. 

­ Mix the 8µg/µl mitochondrial protein suspension with an equal volume of the 7.68µg/µl 

digitonin solution (the final ratio between digitonin and mitochondria must be 960µg 

digitonin/mg mitochondria). 

­ Incubate the mix for 30min in a tube rotator at 4°C (during this step, digitonin makes holes in 

the outer mitochondrial membrane but it does not affect the inner membrane). 
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­ Centrifuge the sample for 10min at 10000xg at 4°C. 

­ After centrifugation: 

o Supernatant = Outer mitochondrial membrane. Transfer supernatant to new tubes. 

o Pellet = Mitoplasts. Resuspend the pellet containing mitoplasts in Buffer B and 

centrifuge again to wash. 

­ Assess mitoplasts purity through protein expression analysis by checking the absence of 

markers from the outer mitochondrial membrane (e.g. VDAC1) and the enrichment of 

markers from the inner mitochondrial membrane (e.g. COXIV). 

 

9.3. MITOCHONDRIAL MEMBRANE POTENTIAL DETERMINATION 

 

Tetrametylrhodamine methyl ester (TMRM) is a dye used to analyze mitochondrial membrane 

potential in living cells. The lipophilic structure of TMRM allows it to easily penetrate the cellular 

and mitochondrial lipid membranes. If cells are healthy and have functioning mitochondria, 

TMRM signal is bright. In contrast, upon loss of mitochondrial membrane potential, TMRM 

accumulation ceases and the signal dims or disappears. TMRM signal can be detected by 

fluorescence analysis method. 

 

Protocol: 

­ Prepare a 10mM TMRM (ThermoFisher Scientific, T668) stock solution in DMSO. 

­ Prepare a 500nM TMRM solution in culture medium. 

­ Incubate cultured PMH in 500nM TMRM solution for 30min at 37°C in dark. 

­ Wash cells with PBS twice. 

­ Evaluate TMRM fluorescence by fluorescence spectroscopy using the Tecan Fluorescence 

Microplate Reader (548nm for excitation and 574nm for emission). 

­ Normalize fluorescence by protein content determined by Bradford or BCA protein assay. 

 

9.4. MEASUREMENT OF MITOCHONDRIAL MEMBRANE RIGIDITY 

 

Fluorescence anisotropy is the phenomenon where the light emitted by a fluorophore has 

unequal intensities along different axes of polarization. Measurement of fluorescence anisotropy 

of membranes labelled with fluorescent probes, e.g. 1,6-diphenylhexatriene (DPH), has been 

widely used to monitor membrane physical changes that correspond to the transition of 

membranes from gel to liquid crystalline state and vice versa. A linearly polarized beam generated 

by a vertical polarizer preferentially excites DPH with transition moments aligned parallel to the 
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incident polarization vector. The resulting fluorescence is directed into two channels through a 

moving polarizer that measure the intensity of the fluorescence polarized both parallel (I(0-0)) 

and perpendicular (I(0-90)) to that of the polarized excitation light. With these two 

measurements, the fluorescence anisotropy (r) can be calculated. When the membrane is fluid 

(less rigid), DPH molecules move quickly and have depolarized emission, thus displaying low 

anisotropy values (I(0‐0)   ̴ I(0-90)). However, insertion of compounds into the lipid bilayer 

diminishes the movement of DPH during the excitation state resulting in increased DPH anisotropy 

(I(0-0) > I(0-90)) (Figure M-4) (Zhao and Lappalainen, 2012). 

 

 

Figure M-4. System used to determine fluorescence anisotropy using DPH probe. Adapted from (Zhao and 

Lappalainen, 2012). 

 

In this thesis, fluidity of mitochondrial membranes was evaluated by fluorescence anisotropy of 

mitochondria-bound dye DPH. Mitochondrial membranes are labeled with DPH and the degree of 

fluorescence anisotropy is determined in a fluorescence spectrophotometer at 37°C with 366nm 

excitation and 425nm emission wavelength by using polarizing filters in both excitation and 

emission planes. 

 

Buffer (Table M-13): 
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Buffer MF (pH 7.4) 

Compound Concentration 

Tris-HCl 10mM 

KCl 150mM 

EDTA 1mM 

mQ-H2O - 
 

Table M-13. Buffer used for measurement of mitochondrial membrane  

rigidity. Keep it at 4˚C. All the reagents were purchased from Sigma Aldrich. 

 

Protocol: 

­ Prepare a 100mM DPH stock (it can be aliquoted and stored at -20°C): 

o Prepare a 20mM DPH solution in tetrahydrofuran. 

o Dilute the previous solution with buffer MF to a final concentration of 100mM. 

o Stir the mix in the dark until a stable dispersion is obtained. 

­ Prepare a fresh 200µM DPH solution in buffer MF. Cover the solution to protect it from light 

and put it in a shaker at 37°C for minimum 1h. 

­ Isolate mitochondria from mouse liver following the protocol described on 7.1.1. Do not purify 

mitochondria with Percoll gradient since the purification can compromise mitochondrial 

membranes and thus their physical properties. Use crude mitochondria, i.e. the mitochondrial 

fraction obtained before the ultracentrifugation step. 

­ Prepare mitochondrial samples for the assay: 

o Labeled sample: 500µg of mitochondria + 0.5ml of DPH 200µM + MF buffer up to 

1.5ml (final DPH concentration in sample: 50µM).  

o Unlabeled sample: 500µg of mitochondria + MF buffer up to 2ml. 

­ Incubate all samples in a water bath at 37°C shaking for 1h. 

­ Measure fluorescence polarization in a Hitachi F-4500 fluorescence spectrofluorometer at 

wavelengths of 366nm for excitation and 425nm for emission. 

 

The results are expressed as anisotropy units (r), where r=(I0/I90)/(I0+2xI90). I0 and I90 represent 

the intensities of light when polarizers were in parallel or perpendicular orientation, respectively. 

Light scattering and intrinsic fluorescence were routinely corrected by subtracting the signal 

obtained from unlabeled samples and the fluorescence of the buffer plus label alone. 

 

9.5. IN VITRO CHOLESTEROL LOADING IN MOUSE LIVER MITOCHONDRIA 

 

Mitochondrial membranes in vitro cholesterol enrichment was performed by incubation of 

mitochondria with a cholesterol-BSA complex (CBSAC) or enantiomer cholesterol-BSA complex 
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(Ent-CBSAC). Enantiomer cholesterol was generously provided by Scott Rychnovsky (Department 

of Chemistry, University of California Irvine, USA). 

 

Buffer (Table M-14): 

 

Buffer CHS (pH 7.4)  Buffer B (pH 7.4) 

Compound Concentration Compound Concentration 

Sucrose 0.25M Sucrose 395mM 

EDTA 1mM EGTA 0.1mM 

mQ-H2O - Hepes-KOH 10mM 

 mQ-H2O - 
 

Table M-14. Buffers used for in vitro cholesterol increase in mouse liver mitochondria.  

Keep them at 4˚C. All the reagents were purchased from Sigma Aldrich. 

 
 

Protocol: 

 

Previous to the assay 

 

­ Prepare a 10mg/ml cholesterol solution in absolute ethanol (dissolve 50mg of cholesterol or 

enantiomer cholesterol in 5ml of absolute ethanol). 

­ Once dissolved, add 5ml of mQ-H2O to the solution. 

­ Mix for at least 20min at RT. 

­ Centrifuge the resulting milk-like solution at 2000xg for 10min. 

­ Discard supernatant and resuspend the pellet in 5ml of Buffer CHS. 

­ Gently stir the solution while slowly adding 2g of FFA-BSA at RT. 

o Additionally, prepare the BSA-only control in parallel: dissolve 2g of FAF-BSA in 5ml of 

buffer CHS. 

­ Once BSA is completely dissolved, adjust pH to 7.4 and then centrifuge the solutions at 

12000xg for 10min at 4°C. 

­ Collect the supernatants, aliquot them in new tubes and store them at -20°C as CBSAC or Ent-

CBSAC stocks (10mg cholesterol/ml) or BSA-only stock (0mg cholesterol/ml). 

 

Day of the assay 

 

­ Isolate mitochondria from mouse liver following the protocol described on 7.1.1. Do not purify 

mitochondria with Percoll gradient since the purification can compromise mitochondrial 

membranes. Use crude mitochondria, i.e. the mitochondrial fraction obtained before the 

ultracentrifugation step. 
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­ Add CBSAC, Ent-CBSAC or BSA-only to mouse liver mitochondria at the proportion of 0.2mg 

complex/mg mitochondria and incubate for 1min at 4°C. 

­ Dilute mitochondria about 20 times with cold buffer CHS and spin down immediately at 

12000xg for 10min at 4°C to eliminate the unbound cholesterol. 

­ Repeat the washing step twice. 

­ Resuspend mitochondrial pellet with buffer B and proceed to the desired analysis. 

 

9.6. MITOCHONDRIAL RESPIRATORY SUPERCOMPLEXES BY BLUE NATIVE PAGE 

 

Blue native polyacrylamide gel electrophoresis (BN-PAGE) technique was developed to resolve 

protein complexes by molecular weight while retaining their native structure. BN-PAGE acts by 

using Coomassie Blue-G250 dye to coat proteins with the necessary negative charge for migration 

to the anode. Protein complexes migrate across the acrylamide gel according to their specific pore 

size until they reach their specific pore size limit. BN-PAGE can separate protein complexes ranging 

between 100kDa to 10MDa. We performed this technique with isolated mitochondria samples 

using the NativePAGE™ Sample Prep Kit (Novex by Life Technologies, BN2008). 

 

Buffer (Table M-15): 

 

Solubilization buffer A (pH 7.0) 

Compound Concentration 

Sodium Chloride 50mM 

Imidazole 50mM 

6-aminohexanoic acid 
(= 6-Aminocaproic acid) 

2mM 

EDTA 1mM 

mQ-H2O - 
 

Table M-15. Buffer used for BN-PAGE. Keep it at 4˚C. 

All the reagents were purchased from Sigma Aldrich. 

 

Protocol: 

 

Prior to the assay 

 

­ Isolate mitochondria from mouse liver following the protocol described on 7.1.1. Do not purify 

mitochondria with Percoll gradient since the purification can compromise mitochondrial 

membranes and thus mitochondrial membrane proteins. Use crude mitochondria, i.e. the 

mitochondrial fraction obtained before the ultracentrifugation step. 

­ Pellet a fraction of 600-800µg of mitochondria and store it at -80°C. 
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Day of the assay 

 

­ Thaw the mitochondrial pellet from -80°C and resuspend it with 30µl of the solubilization 

buffer A. 

­ Quantify protein content by BCA protein assay. 

­ Prepare 20µl of mitochondrial sample at 10µg/µl in solubilization buffer A (200µg of 

mitochondria in total). 

­ Prepare a 10% digitonin stock solution in solubilization buffer A (warm the solution up until 

digitonin is completely dissolved and then cool it down). 

­ Add 12µl of 10% digitonin stock to the mitochondrial suspension (final digitonin concentration 

in 32µl solution: 3.75%) (6mg digitonin/mg mitochondria). 

­ Incubate sample on ice for 5 minutes. 

­ Centrifuge lysate at 20000xg for 30 minutes at 4°C. 

­ Transfer supernatant into new tubes. 

­ Add 6µl of 5% Coomassie blue (CB) stock (NativePAGE™ 5% G-250 Sample Additive) (final CB 

concentration in 38µl solution: 0.79%) (final digitonin concentration in 38µl solution: 3.15%). 

­ Vortex and spin the sample down. 

­ Do not heat the samples for native electrophoresis. 

­ Load samples in a Criterion™ TGX™ Precast 4-15% gel (Biorad, #5671083) and run 

electrophoresis using a running buffer 10x Tris/Gly (Biorad, #1610734) for 60-90min at 200V 

in a cold chamber to avoid band’s broadening. 

­ Transfer proteins to a PVDF membrane using the Trans-Blot Turbo™ Transfer System (Bio-

Rad). Nitrocellulose membrane is not compatible for blotting NativePAGE gels since the 

nitrocellulose binds the Coomassie G-250 dye very tightly and is not compatible with alcohol-

containing solutions used to destain the membrane and fix the proteins. 

­ Block membrane with 5% Milk (BD, 232100) in TBST for 1h at RT. 

­ Incubate membrane with primary antibody (Table M-16) overnight at 4°C. 

­ Wash at least 3 times for 10min with TBST. 

­ Incubate with HRP-conjugated secondary antibody for 1h at RT (Table M-17). 

­ Develop the antibody protein detection using Pierce™ ECL Western Blotting Substrate and the 

instrument LAS4000 (GE Healtcare). 

­ Analyze optical density of bans with ImageJ software. 

­ Use CB staining as the loading control. 
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Antibody Host Dilution Buffer Reference Company 

UQCRC2 (G-10) Mo 1:500 1% BSA-TBST sc-390378 SCBT 

NDUFA9 Mo 1:1000 1% BSA-TBST 459100 Invitrogen 

MitoProfile® Total OXPHOS 
Rodent WB Antibody Cocktail 

Mo 1:750 1% BSA-TBST ab110413 Abcam 

 

Table M-16. Primary antibodies used in BN-PAGE. Rb, rabbit. Mo, mouse. SCBT, Santa Cruz Biotechnology. 

 

Antibody Host Dilution Buffer Reference Company 

anti-mouse-HRP Rb 1:20000 TBST A9044 Sigma Aldrich 
 

Table M-17. Secondary antibodies used in BN-PAGE. HRP, horseradish peroxidase conjugated. Mo, mouse. 

 

9.7. MITOCHONDRIAL RESPIRATION 

 

Mitochondrial respiration is the set of metabolic reactions requiring oxygen that takes place in 

mitochondria to convert the energy stored in macronutrients to ATP. Measurement of the oxygen 

consumption rate (OCR) of mitochondria is very valuable since it is an indicator of not only 

mitochondrial but also cellular metabolism and fitness status. Agilent Seahorse XF analyzers allow 

measuring OCR in living cells or isolated mitochondria overall estimating key parameters of 

mitochondrial respiration in real-time mode (Seahorse XF Cell Mito stress test). In this thesis the 

Seahorse XFe24 Analyzer has been used to measure mitochondrial respiration in cultured human 

fibroblasts and isolated liver mitochondria. 

 

9.7.1.  OCR measurements in cultured cells 

 

OCR measurements in cells using Seahorse technology allow the measuring of different 

mitochondrial respiration parameters: basal respiration, ATP-linked respiration, H+ (proton) leak, 

maximal respiration, spare respiratory capacity and non-mitochondrial respiration (Figure M-5). 

 

 

Figure M-5. OCR profile when performing standard Seahorse XF Cell Mito stress test with cultured cells. 
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The approach requires application of the following cellular respiration modulators (Figure M-6): 

 

o Oligomycin, to block ATP synthase. 

o Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP), to make the inner 

mitochondrial membrane permeable for protons and allow maximum electron flux through 

the electron transport chain. 

o Rotenone, to inhibit complex I. 

o Antimycin A (AA), to inhibit complex III. 

 

 

Figure M-6. Modulators of ETC used in OCR measurement by Seahorse technology. 

 

Protocol: 

 

Day Prior to the assay 

 

­ Plate 20000 fibroblasts per well of a 96-wells Seahorse cell plate in a final volume of 

250µl/well. Do not seed cells in background correction wells: A1, B4, C3 and D6. Keep plate in 

an incubator at 37°C and 5% CO2. 

­ Turn on the Seahorse XFe24 Analyzer and let it warm up to 37°C overnight (or a minimum of 

5h). 

­ Hydrate a sensor cartridge with Seahorse XF Calibrant (Agilent, 100840-000) at 37°C in a non-

CO2 incubator overnight. 

­ Prepare the Seahorse template/features of the assay in the Wave program. See the 

instrument user manual for additional details. 

­ Make sure there are stocks of all the Seahorse reagents prepared at -20°C (see Table M-18 

for preparation). 
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Compound Stock concentration Company 

Glucose 1M Agilent, 103577 

Sodium pyruvate 100mM Agilent, 103578 

L-glutamine 200mM Agilent, 103579 

Oligomycin A 6.32mM Cayman Chemical, 11342 

FCCP 10mM Cayman Chemical, 15218 

Rotenone 20mM Sigma, R8875 

AA 20mM Sigma, A8674 
 

Table M-18. Stock compounds for Seahorse assay. 

 

Day of the assay 

 

­ Thaw 1 aliquot of each Seahorse reagent stock (glucose, L-glutamine, oligomycin, FCCP and 

AA). 

­ Prepare the assay media by supplementing the Seahorse XF Base Media pH 7.4 (Agilent, 

103575-100) as follows: 

 

For fibroblasts: XF Base Media   (up to 50mL)                             48.75mL 

10mM Glucose   (stock: 1M --> 1/250 dilution)     0.5mL 

1mM Sodium Pyruvate  (stock: 100mM --> 1/50 dilution)    0.5mL  

1mM L-Glutamine  (stock: 200mM --> 1/100 dilution)  0.25mL 

 

­ Warm assay media at 37°C. pH is already adjusted at 7.4.No filtering is needed. 

­ Take the Seahorse cell plate from the incubator and perform cell washes: 

o Remove 200µl of media leaving 50µl left on the well. 

o Manually, wash twice the cells by adding and removing 200µl of XF media. 

o On the last wash, aspirate the remaining 50µl of media and gently add the final 500µl 

of Seahorse assay medium to all wells including Background wells. 

o Incubate cells for 30min at 37°C in an incubator without CO2. 

­ Prepare the compounds for loading in sensor cartridge: 

 

o Port A: 2µM Oligomycin A    Volume: 56µl/port 
 

[stock]  [Port]  [Well] 

6.32mM      20µM       2µM  
 

Prepare 2ml:  2ml x 20µM = X x 6.32mM 

X= 6.33µl Oligomycin A in 2ml of Seahorse assay media 

 

 

1/316 1/10 
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o Port B: 1µM FCCP     Volume: 62µl/port 
 

[stock]  [Port]  [Well] 

10mM         10µM       1µM  
 

Prepare 4ml:  2ml x 10µM = X x 10mM 

X= 2µl FCCP in 2ml of Seahorse assay media 

 

o Port C: 1µM Rotenone & A A   Volume: 69µl/port 
 

[stock]  [Port]  [Well] 

20mM         10µM        1µM  
 

Prepare 2ml:  2ml x 10µM = X x 20mM 

X= 1µl Rotenone & AA in 2ml of Seahorse assay media 

 

­ Load the compounds in the sensor cartridge and perform calibration in the Seahorse analyzer. 

Ports order: 

A B 

C D 
 

­ Load the cell culture plate and start the assay. 

­ Once the running is finished, measure the protein concentration of each well by BCA protein 

assay to normalize respiration values. 

 

9.7.2.  OCR measurements in isolated mitochondria 

 

Respiratory function tests in isolated mitochondria have the advantages to detect specific defects 

in the mitochondrial protein function and evaluate the direct mitochondrial effects of 

pharmacological agents. The same inhibitors FCCP, oligomycin A, rotenone and AA as with cells 

are used. However, since in this case mitochondria are not in the cellular environment but 

isolated, fuels for the ETC need to be provided such as ADP and substrates as pyruvate or 

succinate. 

 

In this assay mitochondria begin in a coupled state with substrate present (State 2). Depending 

on the purpose of the experiment, substrates can be pyruvate plus malate to study ETC function 

starting from complex I, or succinate plus rotenone to prevent any complex I driven respiration 

and study ETC function from complex II. Then, by adding ADP the phosphorylating respiration is 

initiated (State 3). State 4o is subsequently induced with the addition of oligomycin, which blocks 

complex V. FCCP-induced maximal uncoupler-stimulated respiration (State 3u) is then measured, 

1/400 1/10 

1/2000

0 

1/10 
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allowing respiratory control ratios (RCR: State 3/State 4o, and UCR: State 3u/State 4o) to be 

assessed. Finally, AA inhibits complex III and determines the residual respiration (non-

mitochondrial respiration) (Figure M-7). 
 

 

Figure M-7. OCR profile when performing standard Seahorse XF Cell 

Mito stress test with isolated mitochondria. 

Protocol: 
 

Day Prior to the assay 
 

­ Turn on the Seahorse XFe24 Analyzer and let it warm up to 37°C overnight (or a minimum of 

5h). 

­ Hydrate a sensor cartridge with Seahorse XF Calibrant (Agilent, 100840-000) at 37°C in a non-

CO2 incubator overnight. 

­ Prepare the Seahorse template/features of the assay in the Wave program. See the 

instrument user manual for additional details. 

­ Make sure there are stocks of all the Seahorse reagents prepared at -20°C (see Table M-19 

for preparation). 
 

Compound Stock concentration Company 

Pyruvate 0.5M Sigma, P5280 

Malate 0.5M Sigma, M6413 

Succinate 0.5M Sigma, S9512 

ADP Powder Sigma, A2754 

Oligomycin A 6.32mM Cayman Chemical, 11342 

FCCP 10mM Cayman Chemical, 15218 

Rotenone 20mM Sigma, R8875 

AA 20mM Sigma, A8674 
 

Table M-19. Stock compounds for Seahorse assay. 
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­ Make sure there are aliquots of 2XMAS Buffer prepared at -20°C (see Table M-20 for 

preparation). 

 

2XMAS Buffer (pH 7.2) 

Compound Stock concentration 

Sucrose 140mM 

Mannitol 440mM 

KH2PO4 20mM 

MgCl2·6H 10mM 

HEPES 4mM 

EGTA 2mM 

FFA-BSA 0.4% 

mQ-H2O - 
 

Table M-20. 2XMAS buffer used in Seahorse assay. 

 

Day of the assay 

 

 Buffers and cartridge preparation 

 

­ Thaw 1 aliquot of each Seahorse reagent stock and 2XMAS Buffer.  

­ Prepare the assay buffers: 

If pyruvate and malate as substrates: 

o Prepare 1XMAS: Mix 20ml of 2XMAS Buffer + 18.4ml of mQ-H2O (Vf=38.4ml) 

o Prepare 1XMAS + Substrates: Add 800µl of pyruvate 0.5M and 800µl of malate 0.5M 

(final 10mM both) to 1XMAS (Vf=40ml). Adjust pH 7.2. 

 Transfer 10ml of 1XMAS+Substrates to a new falcon and leave it on ice (Cold 

1XMAS+Subs). 

 Leave the remaining 30ml of 1XMAS+Substrates on a bath at 37°C (Warm 

1XMAS+Subs). 

If succinate as substrate plus rotenone: 

o Prepare 1XMAS: Mix 20ml of 2XMAS Buffer + 19.2ml of mQ-H2O (Vf=39.2ml) 

o Prepare 1XMAS + Substrates: Add 800µl of succinate 0.5M (final 10mM). Adjust pH 

7.2. 

 Transfer 10ml of 1XMAS+Substrates to a new falcon and leave it on ice (Cold 

1XMAS+Subs). 

 Add 3µl of rotenone 20mM to the remaining 30ml of 1XMAS+Substrates (final 

2µM). Adjust pH 7.2 again. Leave it on a bath at 37°C (Warm 1XMAS+Subs). 

­ Prepare the respiration reagent compounds for loading in sensor cartridge: 
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o Port A: ADP 40mM --> 39mg ADP + 1ml mQ-H2O. Dissolve it properly and then add 

1.14ml of warm 1XMAS+Subs. Adjust pH 7.2 with KOH 11% and finally add mQ-H2O 

to have a final volume of 2.28ml (ADP has to be freshly prepared and its proper 

preparation is crucial for the respiration assay). 

o Port B: Oligomycin 25µg/ml --> 10µl stock 6.32mM + 2ml of warm 1XMAS+Subs. 

o Port C: FCCP 40µM --> 8µl stock 10mM + 2ml warm 1XMAS+Subs. 

o Port D: AA 40µM --> 4µl stock 20mM + 2ml warm 1XMAS+Subs. 

­ Load the compounds in the Sensor Cartridge: 

o Port A = 56µl ADP 40mM (Concwell=4mM) 

o Port B = 62µl Oligomycin 25µg/ml (Concwell=2.5µg/ml) 

o Port C = 69µl FCCP 40µM (Concwell=4µM) 

o Port D = 75µl AA 40µM (Concwell=4µM) 

Ports order: 

A B 

C D 

 

­ Calibrate the sensor cartridge in the Seahorse analyzer. 

 

 Mitochondrial samples and Seahorse culture plate preparation   

 

­ Isolate mitochondria from mouse liver following the protocol described on 7.1.1. Do not purify 

mitochondria with Percoll gradient since the purification can compromise mitochondrial 

membranes and thus respiration. Use crude mitochondria, i.e. the mitochondrial fraction 

obtained before the ultracentrifugation step. 

­ Prepare a mitochondrial solution at 0.2µg/µl in cold 1XMAS+Subs. The volume of solution to 

prepare depends on the number of wells to be plated. 

­ Place 50µl of mitochondrial solution per well of a Seahorse culture plate (10µg 

mitochondria/well). Do not plate mitochondria but only 50µl of cold 1XMAS+Subs on the 

background correction wells: A1, B4, C3 and D6. 

­ Transfer the plate to a centrifuge equipped with a swinging bucket microplate adaptor and 

spun at 2000g for 15min at 4°C (this step allows mitochondria to remain at the bottom of the 

plate). 

­ After centrifugation, add 450µl of warm 1XMAS+Subs per well (Vf=500µl). 

­ Incubate the plate for 8-10min in the incubator at 37°C without CO2. 
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­ Once the cartridge is calibrated, replace the utility plate by the Seahorse culture plate 

containing mitochondria and start the assay. 

­ Once the running is finished, measure the protein concentration of each well by BCA protein 

assay to normalize respiration values. 

 

3-5 mitochondrial preparations per experimental group were analyzed always in triplicates in each 

plate. Measurement protocol for standard liver mitochondria: 2 cycles of 1min mix and 3min 

measure per state. Measurement protocol for liver mitochondria after incubation with CBSAC: 2 

cycles of 1min mix and 4min measure (State 2); 1 cycle of 1min mix and 4min measure (other 

states). 

 

10. CHOLESTEROL ANALYSIS 

 

10.1. FREE AND TOTAL CHOLESTEROL QUANTIFICATION BY HPLC 

 

The amount of free and total cholesterol incorporated in liver, mitochondria or mitoplasts was 

measured by high performance liquid chromatography (HPLC). For total cholesterol 

determination, samples undergo saponification to free all the esterified cholesterol. Thus, the 

reading of saponified samples will represent total cholesterol levels (the sum of free and esterified 

cholesterol). 

 

Protocol for cholesterol extraction: 

 

­ Cholesterol standards: 

o Prepare a 1mg/ml cholesterol (Sigma, C8867) stock solution in isopropanol. 

o Prepare 7 cholesterol standard solutions containing 0, 5, 10, 20, 40, 80 or 100μg of 

cholesterol in 200µl with PBS (prepare two sets, one for the FC and the other for the 

total cholesterol samples). 

o These standards will be carried along with the samples. 

­ Use about 0.5mg of protein in a final volume of 200μl (adjust the volume with PBS). Use two 

tubes per sample, for total and for FC quantification. 

­ Add 200μl of ethanol-33% KOH per tube. 

­ Vortex 1min and wait 1min. Repeat three times. 

­ For: 

o Total cholesterol extraction: incubate at 60°C for 30min (saponification). Let it cool 

down for 5 minutes afterwards. 
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o FC extraction: incubate at RT for 30min. 

­ Add 200μl of mQ-H2O. 

­ Add 400μl of Hexane HPLC proof (always maintain the extraction relation of sample:ethanol-

KOH:H2O:Hexane (1:1:1:2)). 

­ Vortex 1min and wait 1min. Repeat three times. 

­ Spin down for 2min at 10000 rpms at RT. 

­ Collect 200μl from the hexane top layer containing the cholesterol and transfer them into a 

new tube. 

­ Dry the hexane in a speed vacuum for minimum 45min. 

­ Store samples at -20°C if HPLC is immediately performed, or at -80°C if HPLC will be ran later 

the same day or another day. 

 

Protocol for cholesterol levels determination: 

 

­ HPLC Conditions: 

o Column --> µBondapak C18 Column, 125Å, 10 µm, 3.9 mm X 300 mm, 1/pk, Waters 

o Mobile phase composition: 

 A pump --> Acetonitrile 

 B pump --> Isopropanol (2-propanol):Acetonitrile:mQ-H2O (60:30:10) 

o Absorbance --> 200nm 

o Flow rate --> 1ml/min 

o Running time --> 15 minutes per sample 

o Methanol 80% to clean the needle 

 

­ Samples processing: 

o Take samples from -20°C/-80°C. 

o Add 200µl of isopropanol to each sample. 

o Vortex for 5 minutes. 

o Spin down at 10000rpm for 2 min at RT. 

o Transfer the maximum possible volume of supernatant (±170µl) to HPLC tubes (avoid 

touching the bottom of the tube). 

o Prepare extra HPLC tubes to do the blanks: only put 200µl of isopropanol. 

o Place the tubes into the HPLC machine and run the protocol. 
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The amount of cholesterol of each sample was calculated according to a calibration line derived 

from the known cholesterol standards concentrations. 

 

10.2. FREE CHOLESTEROL LABELING BY FILIPIN STAINING 

 

10.2.1.  In tissues 

 

Filipin is a mixture of chemical compounds isolated by chemists in 1955 from Streptomyces 

filipinensis. This actinomycete was discovered in a soil sample collected in the Philippine Islands, 

hence the name Filipin. Filipin has been widely used as a probe for sterol location in biological 

membranes. Its interaction with cholesterol alters its absorption and fluorescence spectra 

allowing visualization with a fluorescence microscope capable of excitation at 340-380nm and 

emission at 385-470nm. It is a tool for histochemical identification of unesterified cholesterol both 

in vivo and in vitro.  

 

Protocol: 

­ Let 8μm frozen sections to cool down at RT for 10min. 

­ Wash the sections with PBS 2 times for 5min. 

­ Fix sections with 4% paraformaldehyde for 30min at RT. 

­ Wash with PBS 3 times for 5min. 

­ Filipin staining: prepare 50ml of PBS containing 25μg/mL Filipin (Sigma, F-9765) and incubate 

overnight at 4°C protected from the light (for a 50ml solution, weigh 1.25mg of filipin and 

dissolve it in 200μl of methanol. Once dissolved, add it to the 50ml of PBS). 

­ Wash with PBS, 3 times for 5min. 

­ Mounting: use fluorescent mounting medium without DAPI (Dako, #3023). Add a small drop 

of mounting media to the specimen and carefully place a cover slip onto the drop, avoiding 

air bubbles. 

­ Microscope: use ultraviolet (UV) light to visualize the staining (equipment used: Olympus 

BX41 Microscope equipped with a Zeiss Axiocam 305 color digital camera). 

 

10.2.2.  In cells 

 

In order to study free cholesterol levels in mitochondria from cells, we performed 

immunocytofluorescence with cytochrome c as a mitochondrial marker and filipin as a cholesterol 

marker (see section 7 for ICF). 
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Cholesterol-mitochondria colocalization was analyzed in the ImageJ Software using the 

Colocalization nBits nimages plug-in created by the advanced optical miscroscopy Unit from the 

Facultat de Medicina, Universitat de Barcelona. This plug-in software highlights the colocalized 

points of two images of 32-bits (one in green and one in red), and returns the integrated densities 

of total green (higher than the threshold) and the green from colocalized points, and total red 

(higher than the threshold) and the red from colocalized points. Two points are considered as 

colocalized if their respective intensities are strictly higher than the threshold of their channels 

and if their ratio of intensity is strictly higher than the ratio setting value, which have been defined 

at 50%. Percentage of green colocalization with red or red colocalization with green is calculated 

as the ratio of green colocalized points divided by total green multiplied per 100 or as the ratio of 

red colocalized points divided by total red multiplied per 100, respectively. 

 

11. GSH QUANTIFICATION 

 

Total GSH (GSH and oxidized GSH (GSSG)) levels in liver homogenate and isolated mitochondria 

from mice and in cellular extracts from isolated PMH or cell lines were analyzed using the 

enzymatic recycling method. 

 

In this assay, the sulfhydryl group of GSH reacts with DTNB (5, 5'-dithio-bis-2-nitrobenzoic acid, 

Sigma, D8130) and produces a detectable yellow-colored TNB (5-thionitrobenzoic acid). The 

GSTNB (GSH linked to TNB) that is concomitantly produced, is reduced by GR to recycle the GSH 

and produce more TNB. The rate of TNB production is directly proportional to this recycling 

reaction, which in turn is directly proportional to the concentration of GSH in the sample. Thus, 

measurement of the absorbance of TNB at 412nm provides an accurate estimation of total GSH 

in the sample (Figure M-8). 

 

Figure M-8. Recycling assay mechanism. GSSG, oxidized GSH; GR, GSH reductase; DTNB, Ellman’s reagent; 

TNB, 5-thionitrobenzoic acid; GSTNB, mixed disulfide GSH-TNB. Taken from (Giustarini et al., 2013). 
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 Samples preparation and harvesting 

 

In order to be able to determine GSH levels, all samples need to be previously diluted 1:1 with 

TCA 10%-PBS, vortexed and spun down at 12000rpm for 5min at 4°C. This step allows cellular 

membranes disruption and release of GSH to the supernatant. 

 

 Ellman assay 

 

Ellman buffer (pH 8.0)  Ellman reagent (pH 7.4) 

Compound Concentration Compound Concentration 

KH2PO4 0.5M DTNB 10mM 

mQ-H2O - Na2HPO4·2H2O 0.1M 

 
NaHCO3 11.9mM 

mQ-H2O - 
 

Table M-21. Buffers for the Ellman assay. Ellman buffer can be stored at 4°C. Ellman reagent  

can be aliquoted and stored at -20°C. All the reagents were purchased from Sigma Aldrich. 

 

­ Prepare a 1mM GSH (Sigma, G6529) stock in PBS. 

­ Prepare 7 GSH standard solutions 0, 10, 20, 30, 40, 50 or 60µM in a final volume of 4ml with 

PBS. 

­ Mix in a tube: 2ml of Ellman buffer, 1ml of standard and 30μl of Ellman reagent. 

­ Mix thoroughly and wait 3min before reading it. 

­ Read in a spectrophotometer (Beckman Coulter, DU800) at an absorbance of 412nm. 

 

The values obtained will be multiplied by 198 (coefficient of extinction of the spectrophotometer) 

and will represent the real concentration of the GSH standards prepared that we will use in the 

recycling assay as well. We will use these data to normalize the absorbance obtained in the 

recycling assay for the GSH standards. 

 

 Recycling assay 

 

0.5M NaPO4 (pH 7.4)  Recycling buffer (pH 7.4) 

Compound Concentration Compound Concentration 

NaH2PO4·H2O 95ml, 1N EDTA 1mM 

Na2HPO4·2H2O 405ml, 1N DTNB 0.1mM 

mQ-H2O 500ml NADPH 0.15mM 

 
NaPO4 50mM 

mQ-H2O - 
 

Table M-22. Buffers for the recycling assay. Recycling buffer should be freshly prepared  

And it has to be protected from light. All the reagents were purchased from Sigma Aldrich. 
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­ Prepare the Recycling buffer, protect it from the light and warm it at 37°C. 

­ Prepare the GR at a concentration of 10U/ml in mQ-H2O. It will be stable a few weeks at 4°C. 

­ Mix in a tube: 2.5ml of recycling buffer at 37°C, 100μl of sample/standard and 100μl of GR. 

­ Mix by inversion. 

­ Read during 40sec in the spectrophotometer at an absorbance of 412 nm. 

 

GSH concentrations will be determined referring the samples to the standard curve normalized 

by the Ellman assay and by protein concentration. 

 

12. MEASUREMENT OF ROS PRODUCTION AND OXIDATIVE STRESS 

 

12.1. DIHYDROETHIDIUM 

 

The superoxide indicator dihydroethdium (DHE) exhibits blue-fluorescence in the cytosol. 

However, once this probe is oxidized to ethidium, it intercalates within DNA, staining the cell 

nucleus a bright fluorescent red. 

 

Protocol: 

­ Prepare a 20mM DHE (ThermoFisher, D1168) stock solution in DMSO (it can be aliquoted and 

stored at -20°C). 

­ Prepare a 10µM DHE solution in Hanks balanced salt solution (HBSS) without phenol red 

(Invitrogen, #14025092). 

­ Incubate 8μm frozen liver tissue sections with 10µM DHE for 30min at RT protected from light. 

­ Wash slides with PBS 3 times for 2min each. 

­ Mount slides with Prolong gold mounting media and let them dry. 

­ Observe them in a fluorescence microscope (equipment used: Olympus BX41 Microscope 

equipped with a Zeiss Axiocam 305 color digital camera) at excitation and emission 

wavelengths of 518 and 606nm, respectively. 

 

12.2. DICHLOROFLUORESCEIN 

 

The cell-permeant 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA) is a chemically reduced 

form of fluorescein used as an indicator for general ROS in cells. Upon cleavage of the acetate 

groups by intracellular esterases and oxidation, the nonfluorescent H2DCFDA is converted to the 

highly fluorescent 2',7'-dichlorofluorescein (DCF). Fluorescence can then be detected by 

fluorescence microscopy or spectroscopy.  
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Protocol: 

­ Prepare a fresh 10mM DCF (ThermoFisher, D399) stock solution in DMSO. 

­ Prepare a 10µM DCF solution in culture medium. 

­ Incubate cultured cells with 10μM DCF solution for 30min at 37°C protected from light. 

­ Wash cells with PBS twice. 

­ Evaluate DCF fluorescence by fluorescence spectroscopy using the Tecan Fluorescence 

Microplate Reader (485nm for excitation and 528nm for emission). 

­ Normalize fluorescence by protein content determined by Bradford or BCA protein assay. 

 

12.3. CELLROX DEEP RED REAGENT 

 

The cell-permeable CellROX Deep Red reagent is non-fluorescent or very weakly fluorescent while 

in a reduced state. In contrast, its exhibits strong fluorogenic signal upon oxidation. It reliably 

measures ROS in live cells and the resulting fluorescence can be measured using traditional 

fluorescence microscopy, high-content imaging and analysis, microplate fluorometry or flow 

cytometry. 

 

Protocol: 

­ Prepare a fresh 5µM CellROX Deep Red (Molecular Probes, C10422) solution in culture 

medium. 

­ Incubate cultured cells with 5μM CellROX Deep Red solution for 30min at 37°C protected from 

light. 

­ Wash cells with PBS twice. 

­ Evaluate CellROX Deep Red fluorescence by fluorescence spectroscopy using the Tecan 

Fluorescence Microplate Reader (640nm for excitation and 665nm for emission). 

­ Normalize fluorescence by protein content determined by Bradford or BCA protein assay. 

 

12.4. PROTEIN CARBONYLATION 

 

Protein carbonylation is a type of protein oxidation that can be promoted by ROS. Metal catalyzed 

oxidation of proteins introduces carbonyl groups (aldehydes and ketones) into protein side chains 

by a site-specific mechanism. This oxidative modification of proteins can modulate their 

biochemical characteristics such as enzymatic activity and the susceptibility to proteolytic 

degradation. 
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In this thesis, protein carbonylation was assessed by measuring the levels of carbonyl groups using 

the OxyBlotTM Protein Oxidation Detection Kit (Merck Millipore, S7150). With this method, 

carbonyl groups in the protein side chains are derivatized to 2,4-dinitrophenylhydrazone (DNP-

hydrazone) by reaction with 2,4-dinitrophenylhydrazine (DNPH). The DNP-derivatized protein 

samples are then separated by polyacrylamide gel electrophoresis. After transferring proteins to 

a membrane filter, the membrane is incubated with primary antibody specific to the DNP moiety 

of the proteins. This step is followed by incubation with a HRP-antibody conjugate directed against 

the primary antibody, which allows detecting the amount of carbonylated proteins in the original 

sample. 

 

Protocol: 

­ In a tube, place X µl of sample containing 15-20µg of protein. 

­ Denature proteins by adding X µl of a 12% SDS solution. 

­ Derivatize the sample by adding 2X µl of 1X DNPH Solution. 

o Additionally prepare a negative control sample by adding 2X µl of 1X Derivatization-

Control Solution instead of the DNPH solution. 

­ Shake well and incubate the mixes for 15min at RT. 

­ Add 3/2X µl of Neutralization Solution to stop the reaction. 

­ Load derivatized samples on a 4-12% SDS-polyacrylamide gel (Bio-Rad, XT-Criterion) and 

perform a one-dimensional SDS-PAGE. 

­ Transfer proteins to a nitrocellulose membranse using the Trans-Blot Turbo™ Transfer System 

(Bio-Rad). 

­ Block membrane for 1h with 1% BSA in TBST at RT. 

­ Incubate membrane with the primary antibody solution anti-DNP for 1h at RT. 

­ Wash membrane at least 3 times for 10min with TBST to wash out unspecific binding. 

­ Incubate membrane with secondary antibody solution anti-Rabbit for 1h at RT. 

­ Wash membrane with TBST. 

­ Develop the antibody protein detection using Pierce™ ECL Western Blotting Substrate and the 

instrument LAS4000 (GE Healtcare). 

­ Analyze optical density of bans with ImageJ software. 

 

13. MTT ASSAY 

 

For cell viability analysis, cells were incubated with 1.2mM Thiazolyl Blue Tetrazolium Bromide 

(MTT) (Sigma, M2128) solution for 30 minutes at 37°C in dark. Medium was subsequently 
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aspirated and cells were resuspended in 1-propanol and evaluated by fluorescence spectroscopy 

(570nm for formazan and 630nm as background). Viability was finally calculated as absorbance 

(570-630) x 100 / absorbance control (570-630). 

 

14. PROTEIN EXPRESSION ANALYSIS 

 

14.1. HOMOGENIZATION AND LYSIS 

 

Buffers: 

 

RIPA lysis buffer (pH 8.0) 

Compound Concentration 

NaCl 150mM 

IGEPAL 1% 

Sodium deoxycholate 0.5% 

SDS 0.1% 

Tris-HCl  50mM 

Protease inhibitor (cOmpleteTM Mini, Roche) 

Phosphatase inhibitor (PhosSTOPTM, Roche) 
 

Table M-23. RIPA lysis buffer. 

 

Protocol: 

­ Dilute the total liver homogenate and mouse liver isolated mitochondria 4 times with RIPA 

lysis buffer. 

­ Incubate the samples for 15 min at 4°C vortexing them from time to time. 

­ Spin down for 5 min at 10000 rpms at 4°C. 

­ Collect the supernatant avoiding contamination from pellet and upper lipidic phase. 

 

14.2. PROTEIN QUANTIFICATION 

 

Lysates were quantified for protein concentration using Bradford or bicinchoninic acid (BCA) 

protein assays. Bradford assay is a protein determination method that involves the binding of 

Coomassie Brilliant Blue G-250 dye to proteins that is detectable at an absorbance of 595nm. 

There are certain chemical-protein or chemical-dye interactions that may interfere with Bradford 

assay. In our case, it is important to always dilute the RIPA buffer at least 4 times to dilute the 

IGEPAL below 0.25%. The BCA Protein Assay combines the well-known reduction of Cu2+ to Cu1+ 

by protein in an alkaline medium with the highly sensitive and selective colorimetric detection of 

the cuprous cation (Cu1+) by bicinchoninic acid. 
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Bradford assay protocol: 

 

­ Prepare BSA standard points to build a standard curve (e.g. 0, 0.1, 0.2, 0.3, 0.4 and 0.5mg/ml) 

in PBS. 

­ Dilute lysates in PBS to fit in the standard curve. 

­ Perform the assay in a 96-well plate in triplicates. 

­ Add 4μl of the diluted sample or BSA standard per well. 

­ Using a multichannel pipette add 200μl of Quick Start Bradford Protein Assay (Bio-rad, 500-

0201). 

­ Incubate at RT for at least 20min. Samples should not be incubated longer than 1h at RT. 

­ Set the spectrophotometer plate reader to 595nm. Measure the absorbance of the standards, 

blanks, and unknown samples. 

­ Samples will be referred to the BSA standard curve and they will be assigned a protein 

concentration. 

 

BCA assay protocol: 

 

­ Prepare BSA standard points to build a standard curve (e.g. 0, 0.1, 0.2, 0.3, 0.4 and 0.5mg/ml) 

in PBS. 

­ Dilute lysates in PBS to fit in the standard curve. 

­ Perform the assay in a 96-well plate in triplicates. 

­ Add 8μl of the diluted sample or BSA standard per well. 

­ Using a multichannel pipette add 80μl of BCA working reagent (50 parts of BCA Reagent A 

with 1 part of BCA Reagent B (50:1, Reagent A:B)) (ThermoFisher Scientific, 23225). 

­ Incubate at 37°C for at least 30min. 

­ Set the spectrophotometer plate reader to 562nm. Measure the absorbance of the standards, 

blanks, and unknown samples. 

­ Samples will be referred to the BSA standard curve and they will be assigned a protein 

concentration. 

 

14.3. SAMPLE PREPARATION FOR ELECTROPHORESIS 

 

To be able to separate the proteins in a polyacrylamide gel, samples are mixed with a loading 

buffer to ensure protein stability and weight when loading them into the wells. 
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Protocol: 

 

­ Bring all samples to the same protein concentration so we can load 20-50μg of protein per 

well in a volume of 15-40μl. Adjust the volumes with mQ-H2O. 

­ Add 1/4 of the volume of loading buffer XT Sample Buffer 4x (Bio-Rad, 161-0791) with 0.05% 

of β-mercaptoethanol and vortex. 

­ Boil the samples for 5min at 95°C. 

­ Allow samples to cool down. 

­ Vortex and spin down. 

 

As a protein standard marker for protein electrophoresis we used Novex Sharp Prestained Protein 

Standard (Invitrogen, LC5800). 

 

14.4. WESTERN BLOTTING 

 

In this thesis we used sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) to 

separate proteins from samples. This technique allows separation of proteins according to their 

electrophoretic mobility, a function of the length of the polypeptide chain and its charge. SDS is 

an anionic detergent that linearizes proteins and confers them a negative charge. The binding of 

SDS to the polypeptide chain imparts an even distribution of charge per unit mass, thereby 

resulting in a fractionation by approximate size during electrophoresis. After the SDS-PAGE, 

separated proteins in the gel are electrotransfered into a nitrocellulose membrane and specifically 

detected on the surface of the membrane with antibodies. 

 

Buffers: 

 

­ Running buffer: depending on the size of the protein to be detected we used: 

o 20x XT MES Running Buffer (Bio-rad, 161-0789), to resolve low molecular weight 

proteins. Diluted in dH2O. 

o 20x XT MOPS Running Buffer (Bio-rad, 161-0788), to resolve high molecular weight 

proteins. Diluted in dH2O. 

­ Electrotransfer buffer: prepare the buffer and cool it down to 4°C. For 1 liter: 200ml of Trans-

Blot® Turbo™ 5X Transfer Buffer, 200ml of absolute ethanol and 600ml of dH2O. 

­ TBST: Tris Buffered Saline with Tween® 20, pH 8.0 (T9039, Sigma). Contents of one pouch 

when dissolved in 1 liter of dH2O will yield 0.05M Tris buffered saline (NaCl 0.138M; KCl 

0.0027M), Tween® 20 0.05%, pH 8.0, at 25°C. We complement it with 5ml of 10% Tween® 20 
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solution (Bio-Rad) per liter to reach a final concentration of 0.1%. The buffer is used to wash, 

block and incubate the membranes with the antibodies. 

 

Protocol electrophoresis: 

­ Load 20-50μg of protein into the 4-12% SDS-polyacrylamide gel (Bio-Rad). 

­ Electrophoresis system: Criterion Cell (Bio-Rad) vertical midi format electrophoresis cell and 

Power Pac Basic Power Supply (Bio-Rad). 

­ Start the electrophoresis at 50V until the samples are together in a front line and then increase 

the voltage up to 100V until the protein of interest is well resolved (check protein standard 

for an approximate molecular weight). 

 

Protocol transfer: 

­ Stack in the following order forming a sandwich, making sure that no bubbles remain between 

layers: Whatman paper - Gel - Nitrocellulose membrane - Whatman paper. 

­ Perform the transfer in a Trans-Blot Turbo™ Transfer System (Bio-Rad). 

 

Blocking: to avoid unspecific binding of antibodies, empty membrane areas were blocked for 1h 

with 5% BSA (Sigma Aldrich) TBST or 5% milk at RT in a small container on an orbital shaker. 

 

14.5. IMMUNODETECTION 

 

Membranes were incubated with primary antibodies overnight at 4°C and shaking. Different 

buffers and antibodies were used (Table M-24). 

 

After the overnight incubation: 

­ Wash at least 3 times for 10min with TBST to wash out unspecific binding. 

­ Incubate membranes with the corresponding HRP-conjugated secondary antibodies in TBST 

(Table M-25). 

­ Wash at least 3 times for 10min with TBST. 
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Antibody Host Dilution Buffer Reference Company 

ACDase Rb 1:1000   1% BSA-TBST SAB3500293 Sigma Aldrich 

β-Actin-HRP Mo 1:10000 TBST A3854 Sigma Aldrich 

BIP Rb 1:1000   1% BSA-TBST SPA826 Stressgen 

CHOP Mo 1:1000   1% BSA-TBST 2895S Cell Signaling 

COXIV Rb 1:1000 1% BSA-TBST 4844S Cell Signaling 

CYP2E1 Rb 1:1000 5% BSA-TBST ab28146 Abcam 

CYP2F2 Mo 1:1000 1% BSA-TBST sc374540 SCBT 

DIC Rb 1:1000 1% BSA-TBST ab32632 Abcam 

E-Cadherin Rat 1:500 1% BSA-TBST sc59778 SCBT 

EIF2α Rb 1:1000   1% BSA-TBST 9722S Cell Signaling 

p-EIF2α Rb 1:1000   1% BSA-TBST 9721S Cell Signaling 

FIS1 Rb 1:1000 1% BSA-TBST ab71498 Abcam 

GLUL Rb 1:1000 5% BSA-TBST ab73593 Abcam 

HIF2α Rb 1:1000 1% BSA-TBST ab109616 Abcam 

4HNE Rb 1:1000 5% Milk+0,5% BSA-TBST ab46545 Abcam 

MitoProfile® Total 
OXPHOS Rodent 

WB Antibody 
Cocktail 

Mo 1:500 1% BSA-TBST ab110413 Abcam 

MLN64 Rb 1:1000 1% BSA-TBST sc292868 SCBT 

OPA1 Rb 1:1000 1% BSA-TBST ab42364 Abcam 

PDI Rb 1:1000   1% BSA-TBST 2446S Cell Signaling 

Porin Mo 1:1000 1% BSA-TBST MABN504 
Merck 

Millipore 

StARD1 Rb 1:1000   1% BSA-TBST 8449S Cell Signaling 

StARD1 Mo 1:1000   1% BSA-TBST ab58013 Abcam 

TOM20 Rb 1:1000 1% BSA-TBST sc11415 SCBT 

XBP1 Mo 1:1000 1% BSA-TBST SC-8015 SCBT 
 

Table M-24. Primary antibodies used. HRP, horseradish peroxidase conjugated.  P, phospho. Rb, rabbit. Mo, mouse. 

SCBT, Santa Cruz Biotechnology. 
 

 

Antibody Host Dilution Buffer Reference Company 

anti-rabbit-HRP Goat 1:20000 TBST A0545 Sigma Aldrich 

anti-mouse-HRP Rb 1:20000 TBST A9044 Sigma Aldrich 

anti-rat-HRP Goat 1:20000 TBST 629520 Invitrogen 
 

Table M-25. Secondary antibodies used. HRP, horseradish peroxidase conjugated. Rb, rabbit. 

 

14.6. DEVELOPMENT, IMAGE CAPTURING AND ANALYSIS 

 

Some primary and all secondary antibodies used are conjugated with HRP. To develop the 

antibody protein detection we used a peroxidase substrate for enhanced chemiluminescence (ECL 

Western Blotting Substrate, Thermo Scientific, 32106). 

 

Protocol: 
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­ Reagent 1 (Luminol) and reagent 2 (peroxide) must be at RT. 

­ Mix in a falcon tube, 1:1 volume of both reagents. 

­ Apply the on top of the membrane and make sure it is evenly spread. 

­ Incubate for 2min at RT. 

­ Remove excess liquid. 

­ Digitally capture images with the image capturing instrument LAS4000 (GE Healthcare). 

­ Analyze images with ImageJ software to quantify pixels density of the bands. 

 

15. GENE EXPRESSION ANALYSIS 

 

15.1. mRNA ISOLATION AND QUANTIFICATION 

 

To isolate messenger RNA (mRNA) we used a TRIzol-chloroform extraction (Invitrogen). TRIzol 

Reagent is a monophasic solution of phenol, guanidine isothiocyanate and other proprietary 

components, which facilitate the isolation of a variety of RNA species of large or small molecular 

size. It maintains the integrity of the RNA due to highly effective inhibition of RNase activity while 

disrupting cells and dissolving cell components during sample homogenization. After 

homogenizing the sample with TRIzol, chloroform is added, and the homogenate is allowed to 

separate into a clear upper aqueous layer containing RNA, an interphase, and a red lower organic 

layer containing the DNA and proteins. Finally, RNA is precipitated from the aqueous layer with 

isopropanol. 

 

RNA is very sensitive to nucleases. Thus, all material must be autoclaved and all the solutions and 

organic solvents need to be molecular biology graded, free of DNases and RNase. 

 

Sample homogenization: 

­ Liver tissue: use 1ml of TRIzol per every 25-50mg of tissue and homogenate with a manual 

pestle. 

­ Cultured cells: add approximately 0.5ml of TRIzol per vessel with 500000 cultured cells. Collect 

cells using a cell scraper and transfer the cellular suspension to an autoclaved tube.  

 

RNA isolation: 

­ Incubate the homogenized sample for 5min at RT to allow complete dissociation of the 

nucleoprotein complex. 

­ Add 0.2ml of chloroform per 1ml of TRIzol used for homogenization. 

­ Shake tube vigorously by hand for 15sec. 
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­ Incubate for 2-3min at RT. 

­ Centrifuge the sample at 12000xg for 15min at 4°C. The mixture separates into a lower red 

phenol-chloroform phase, an interphase, and a colorless upper aqueous phase. RNA remains 

exclusively in the upper aqueous phase, which is around 50% of the total volume. 

­ Remove the aqueous phase of the sample by angling the tube 45° and pipetting the solution 

out. Avoid drawing any of the interphase or organic layer into the pipette when removing the 

aqueous phase. 

­ Place the aqueous phase into a new autoclaved tube and proceed to the RNA Isolation 

Procedure. 

 

RNA precipitation: 

­ Add 0.5ml of 100% isopropanol to the collected aqueous phase, per each 1ml of TRIzol used 

for homogenization and mix by inversion. 

­ Incubate for 10min at RT. 

­ Centrifuge at 12000xg for 10min at 4°C. 

 

RNA wash: 

­ Remove supernatant from the tube, leaving only the RNA pellet. 

­ Wash the pellet with 1ml of 75% ethanol in RNase free water at -20°C per each 1ml of TRIzol 

Reagent used in the initial homogenization. From this point, the RNA can be stored in 75% 

ethanol at least 1 year at -20°C, or at least 1 week at 4°C. 

­ Vortex the sample briefly and then centrifuge the tube at 7500xg for 5min at 4°C. 

­ Discard the wash. 

­ Air-dry the RNA pellet for 5-10min. Do not allow the RNA to dry completely, because the pellet 

can lose solubility. Partially dissolved RNA samples have an A260/280 ratio <1.6. 

 

RNA resuspension: 

­ Resuspend the RNA pellet in RNase-free water by passing the solution up and down several 

times through a pipette tip. 

­ Incubate samples at least 30min at 4°C to allow complete RNA resuspension. 

 

RNA quantification: 

­ Load 2μl of resuspended mRNA onto the NanoDrop spectrophotometer (Thermo Scientific, 

NanoDrop 1000). 

­ Measure the sample absorbance at 260nm and 280nm to calculate nucleic acid concentration 

(260nm) and the purity of the sample (260/280 ratio between 1.7-2.0). 



Materials and methods 

132 
 

15.2. cDNA SYNTHESIS 

 

Complementary DNA (cDNA) synthesis transforms the isolated mRNA into cDNA, which is a more 

stable product. This conversion is carried out by a reverse transcriptase (RT) and random primers 

that bind to non-specific points along the RNA template. The resulting cDNA can be used as a 

template for a standard PCR. 

 

Protocol: 

­ Prepare the RNA samples at a concentration of 0.125µg/µl with RNase-free water. 

­ Prepare the cDNA synthesis reaction mix (SensiFASTTM cDNA Synthesis Kit, BIO-65054). See 

Table M-26 below for one reaction. 

                                                            X1 (µl) 

5X TransAmp Buffer 4 

Reverse Transcriptase 1 

0.125µg/µl RNA  8 

RNase-free water 7 

                                                                       Vf                                     20µl 

Table M-26. cDNA synthesis reaction mix. 

 

­ Mix gently by pipetting. 

­ Run the following protocol in a thermal cycler (ECOGEN, G-Storm): 10min at 25°C, 15min at 

42°C, 15min at 48°C, 5min at 85°C, hold 4°C. 

 

15.3. REAL-TIME PCR 

 

Real-time polymerase chain reaction (RT-PCR) technique is a refinement of the original PCR, which 

is used to amplify nucleic acids in a cyclic process to generate a large number of identical copies. 

In RT-PCR, the amount of product formed is monitored during the course of the reaction by 

recording the fluorescence of dyes or probes introduced into the reaction, which is proportional 

to the amount of product formed, and the number of amplification cycles required to obtain a 

particular amount of DNA molecules is registered. Assuming a certain amplification efficiency, 

which typically is close to a doubling of the number of molecules per amplification cycle, it is 

possible to calculate the number of DNA molecules of the amplified sequence that were initially 

present in the sample (Kubista et al., 2006). 

 

One important step in relative quantization is the selection of an endogenous control 

(housekeeping gene) since normalization to the housekeeping gene allows correcting results that 
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can be skewed by differing amounts of input nucleic acid template. Any gene expressed at the 

same level in all study samples can potentially be used as an endogenous control. We used β-Actin 

and β-2-microglobulin (B2M) as endogenous controls. 

 

In this doctoral thesis RT-PCR was performed using the SensiFAST™ SYBR® No-ROX Kit (Bioline, 

BIO-98020) following the manufacturer’s instructions. 

 

Protocol: 

­ Dilute cDNA synthesis reaction product 1/2 in RNase-free water (Concfinal = 25ng cDNA/µl). 

­ From the 25ng cDNA/µl solution, make a 1/5 dilution to perform the RT-PCR (Concfinal = 5ng 

cDNA/µl). 

­ Prepare as many RT-PCR mixes as number of genes to check (Table M-27). The volume of mix 

to prepare depends on the number of samples and replicates to be analyzed.  

 

                                                            X1 (µl) 

FW Primer 50µM 0.25 

RV Primer 50µM 0.25 

Sensifast SYBR 2X Bioline 6.25 

5ng/µl cDNA 2 

RNase-free water 3.75 

                                                                       Vf                                   12.5µl 

Table M-27. RT-PCR mix. 

 

­ Load the RT-PCR plate, cover the plate with film and seal it properly. 

­ Spin the plate down. 

­ Perform the PCR run following the indicated PCR protocol in a CFX384 Real-Time PCR 

Detection System (Bio-Rad) (Table M-28): 

 

 Time Temperature Repetitions 

Step 1 2min 95°C - 

Step 2 

5sec 95°C 

x40 cycles 10sec 60°C 

20sec 72°C 

Step 3 1min 95°C - 

Step 4 10sec 10°C x81 cycles 
 

Table M-28. RT-PCR protocol. 

 

Results were analyzed using the relative quantification method ΔΔCt. The Cycle Threshold (Ct) is 

defined as the number of cycles required for the fluorescent signal to cross the threshold (e.g. 
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exceeds background level). Ct levels are inversely proportional to the amount of target nucleic 

acid in the sample so, the lower the Ct level, the greater the amount of target nucleic acid in the 

sample. The ΔΔCT method uses arithmetic formulas to achieve the result for relative quantization. 

The amount of target, normalized to the housekeeping gene and relative to a calibrator (or control 

experimental group), is given by: 

 

Gene expression = 2-(ΔΔCt) 

 

Where ΔΔCt stands for:  ΔΔCt = ΔCtexperiment - ΔCtcontrol 

and ΔCt stands for:  ΔCt = Ctgene "X" - CtHousekeeping gene 

 

15.4. RT-PCR PRIMERS 

 

The primer sequences (Invitrogen) used to determine the expression of different genes are 

described in Table M-29. 

 

Gene Accession # Forward primer (5’-3’) Reverse primer (5’-3’) 

Srebp2 NM_033218 TGAAGGACTTAGTCATGGGGAC CGCAGCTTGTGATTGACCT 

Hmgcr NM_008255 GAAGAAGTAGGCCCCCAATC CACCTCTCCGTGGGTTAAAA 

Stard1 NM_011485 ATGTTCCTCGCTACGTTCAAG CCCAGTGCTCTCCAGTTGAG 

Mln64 NM_021547 CTCCAAGTCACAGGCCAGAT GCTGAGGCAGGAAGAGTGG 

Cyp27a1 NM_024264 ACTTGCCCTCCTGTCTCATC CTATGTGCTGCACTTGCCC 

Cyp7a1 NM_007824 GCTGTCCGGATATTCAAGGA AGCTCAGCTCTGGAGGGAAT 

Cyp7b1 NM_007825 CATGCCAAGATAAGGAAGCC TCCTAGGCCTTCTCTTTGCC 

Cyp8b1 NM_010012 CGGAACTTCCTGAACAGCTC TGGCCTCTTTCACTTCTGCT 

GFP L29345 CAGGAGCGCACCATCTTCTT CTTGTGCCCCAGGATGTTG 

ASAH1  
(ACDase) 

NM_177924.5 AGTTGCGTCGCCTTAGTCCT TGCACCTCTGTACGTTGGTC 

ACTB NM_001101.5 TTGCCGACAGGATGCAGAA GCCGATCCACACGGAGTACT 

B2M NM_009735 TTCAGTATGTTCGGCTTCCC CCTGGTCTTTCTGGTGCTTG 
 

Table M-29. Primers used in RT-PCR. 

 

16. STATISTICS 

 

Statistical analyses has been performed using GraphPad Prism 6 (Graphpad Software Inc). 

Unpaired Student’s t-test (two tailed) has been performed between two groups, and one or two-

way ANOVA followed by Tukey’s Multiple Comparison test for statistical comparisons between 

three or more groups. P<0.05 has been considered statistically significant. Results are expressed 

as mean ± standard error of the mean (SEM). The corresponding number of experiments are 

indicated in the figure legends.
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1. STUDY I. CHOLESTEROL ENRICHMENT IN LIVER MITOCHONDRIA ALTERS MITOCHONDRIAL 

MORPHOLOGY, IMPAIRS OXIDATIVE PHOSPHORYLATION AND DISRUPTS THE ASSEMBLY OF 

RESPIRATORY SUPERCOMPLEXES. 

 

1.1. HC DIET ALTERS HEPATIC CHOLESTEROL HOMEOSTASIS WHILE SODIUM CHOLATE FEEDING 

REPRESSES BILE ACID SYNTHESIS 

 

Although feeding a HC diet supplemented with sodium cholate has been previously used as a 

nutritional approach to gradually increase liver cholesterol content (Domínguez‐Pérez et al., 2019; 

Marí et al., 2006), the contribution of sodium cholate in the regulation of cholesterol homeostasis 

in relationship with bile acid synthesis has not been previously examined. Thus, we first 

characterized the regulation of hepatic cholesterol homeostasis and whether dietary cholesterol 

feeding in the presence of sodium cholate was channeled for bile acids generation. 

 

8 week old male WT C57BL/6J mice fed 2 days with HC diet presented increased cholesterol levels 

in serum (Figure R-1A) and in liver (Figure R-1B,C), as determined by HPLC analyses or upon 

staining of liver sections with filipin to detect free cholesterol levels. However, feeding sodium 

cholate (0.5%) for two days did not significantly increase serum or liver cholesterol levels (Figure 

R-1A-C). Moreover, the increase of liver cholesterol levels following HC feeding translated in 

decreased expression of key steps involved in de novo cholesterol biosynthesis, such as Srebp2 

(Figure R-1D), a transcription factor that regulates cholesterol biosynthesis, and its target gene 

Hmgcr (Figure R-1E), which catalyzes the rate-limiting step in the mevalonate pathway. 

 

As cholesterol is a precursor for bile acids synthesis, we next examined the expression of enzymes 

involved in the classical (Cyp7a1, Cyp8b1) and the alternative pathway of bile acid synthesis in 

mitochondria (Cyp27a1, Cyp7b1) (Figure R-2A). While HC feeding markedly decreased the 

expression of Cyp7a1 as well as Cyp8b1, this effect was primarily due to the presence of sodium 

cholate in the diet (Figure R-2B). HC or sodium cholate feeding, however, exerted a modest effect 

in the expression of Cyp27a1 and Cyp7b1, indicating a minor impact in the alternate pathway of 

mitochondrial bile acid synthesis. Consistent with these findings, HC feeding did not stimulate the 

net increase in the total bile acid pool in the liver, likely reflecting the repression by sodium cholate 

of the enzymes involved in bile acid synthesis (Figure R-2C). Thus, these findings indicate that the 

presence of sodium cholate in the HC diet contributes to the maintenance of free cholesterol 

levels, in part, by suppressing its metabolism into bile acid. 
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Figure R-1. Alteration of hepatic cholesterol homeostasis by HC feeding. Cholesterol levels in 

(A) Serum and (B) Liver of WT C57BL/6J mice fed a CTRL, HC or SC (sodium cholate) diet for 2 

days. Data are presented as mean ± SEM (N>10, *P<0.05, One-way ANOVA followed by Tukey's 

Multiple Comparison test). (C) Cholesterol content in liver by Filipin staining in liver 

cryosections. Representative images obtained by fluorescence microscopy. (D,E) mRNA levels 

of Srebp2 and Hmgcr in liver. Values are the mean ± SEM of >10 animals per group. *P<0.05. 

 

 

 

Figure R-2. Alteration of hepatic bile acid synthesis by HC feeding. (A) Diagram of classical 

and alternative pathways of bile acid synthesis in liver. (B) mRNA levels of Cyp7a1, Cyp8b1, 

Cyp27a1 and Cyp7b1 in liver. Values are the mean ± SEM of >10 animals per group. *P<0.05 

vs. CTRL samples. (C) Bile acids levels in liver. Data are presented as means ± SEM (N>5, 

*P<0.05, One-way ANOVA followed by Tukey's Multiple Comparison test). 
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1.2. HC-INDUCED mCHOLESTEROL LOADING DISTRIBUTES IN BOTH MITOCHONDRIAL 

MEMBRANES AND DISRUPTS MITOCHONDRIAL MORPHOLOGY 

 

Since HC feeding has been shown to increase mCholesterol content (Domínguez‐Pérez et al., 2019; 

Marí et al., 2006), we next examined the expression of putative mCholesterol carriers and the 

distribution of cholesterol between the outer and inner mitochondrial membranes. Confirming 

previous findings in rat liver mitochondria (Marí et al., 2006), isolated mitochondria from WT HC-

fed mice exhibited a significant increase in free cholesterol levels (>2-fold) determined by HPLC 

analyses compared to mitochondria from control mice (Figure R-3A). Feeding a 0.5% sodium 

cholate without cholesterol failed to significantly increase mCholesterol levels (5.7 ± 0.7μg free 

cholesterol/mg protein). The increase in mCholesterol was also observed by confocal imaging of 

primary mouse hepatocytes (PMH) isolated from HC-fed mice upon staining with filipin (free-

cholesterol marker) and Tom20 (mitochondrial marker). As seen, HC feeding resulted in increased 

filipin staining, which colocalized with Tom20 indicating increased trafficking of free cholesterol 

into mitochondria (Figure R-3B,C). Since StARD1 and MLN64 are known to regulate mCholesterol 

trafficking (Balboa et al., 2017; Caron et al., 1997; Elustondo et al., 2017; Miller, 2007b), we 

examined their gene expression in mice fed the HC diet. As shown, StARD1 and MLN64 expression 

increased after HC feeding (Figure R-3D). 

 

We next assessed the relative distribution of cholesterol enrichment within mitochondrial 

membranes. Mitoplasts were isolated from intact mitochondria after permeabilization of the 

outer membrane upon digitonin treatment. Mitoplasts purity was confirmed by the de-

enrichment of porin and the increase in COX IV, compared to intact mitochondria that were 

enriched in both markers (Figure R-4A). While cholesterol levels in mitoplasts were lower than in 

intact mitochondria, the cholesterol content of mitoplasts from cholesterol-enriched 

mitochondria was higher than in mitoplasts from control mitochondria, indicating the enrichment 

of cholesterol in both outer and inner mitochondrial membranes (Figure R-4B).  
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Figure R-3. Effects of HC feeding on liver mCholesterol levels. WT C57BL/6J mice were fed 

a CTRL or HC diet for 2 days. Cholesterol levels in mitochondria by (A) HPLC and (B) 

Immunocytochemistry using Tom20 and Filipin. (C) Staining markers colocalization 

analyzed using ImageJ software. Data are presented as means ± SEM (N>10, *P<0.05, 

Unpaired Student's t-test (two tailed)). (D) mRNA levels of StARD1 and MLN64 in liver. 

Values are the mean ± SEM of >10 animals per group. *P<0.05. 

 

 

 

Figure R-4. Distribution of cholesterol enrichment by HC feeding within mitochondrial 

membranes. WT C57BL/6J mice were fed a CTRL or HC diet for 2 days. (A) Purity of mitoplasts 

from CTRL and cholesterol-enriched mitochondria (MIT: Mitochondria, MPL:Mitoplast). (B) 

Levels of cholesterol in mitochondria and mitoplasts by HPLC. Data are presented as means 

± SEM (N>3, *P<0.05, Unpaired Student's t-test (two tailed)). 
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The increase of cholesterol in mitochondrial membranes is known to change membrane physical 

properties (Fernández et al., 2009a; Marí et al., 2006; Maxfield and Tabas, 2005). Thus, we next 

confirmed whether the presence of cholesterol in mitochondrial membrane inserted into the lipid 

bilayers and altered membrane fluidity. Fluorescence anisotropy analysis of mitochondria labeled 

with the fluorescent probe DPH revealed an increase in membrane order of mitochondria from 

HC-fed animals compared to control mice (Figure R-5A). Moreover, we next addressed whether 

the loss of mitochondrial fluidity by cholesterol enrichment altered mitochondrial morphology. 

Electron microscopy analyses revealed that mitochondria from HC-fed mice appeared rounded 

and with abnormal cristae compared to mitochondria from control animals (Figure R-5B). 

Although mitochondrial number was not altered by cholesterol accumulation, a significant 

decrease in mitochondrial length was observed (Figure R-5C). These findings indicate that 

nutritional cholesterol feeding traffics to mitochondria and alters mitochondrial membrane 

fluidity and morphology. 

 

 

 

Figure R-5. Effects of HC feeding on liver mitochondrial membrane order and morphology. WT C57BL/6J mice were 

fed a CTRL or HC diet for 2 days. (A) Mitochondrial membrane order measured by DPH fluorescence anisotropy. (B) 

Electron microscopy analyses of livers from mice fed a CTRL or HC diet for 2 days. Images were acquired with a Gatan 

Orius digital camera by moving randomly across the EM grid and are representative of 3 replicates per group. (C) 

Mitochondrial number and length of liver samples quantified from images of ultrathin sections (B) and analyzed 

using ImageJ software. Data are presented as means ± SEM (N=3, *P<0.05, Unpaired Student's t-test (two tailed)). 
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1.3. mCHOLESTEROL ENRICHMENT IMPAIRS COMPLEX I AND COMPLEX II-DRIVEN STATE 3 

RESPIRATION 

 

In view of the preceding findings indicating increased cholesterol in mitochondrial membranes, 

we next examined the impact of this event in mitochondrial respiration, determining real-time 

OCR by a Seahorse flux analyzer. Using pyruvate and malate as substrates of complex I, 

mitochondria from HC-fed mice showed a significant reduction in mitochondrial performance and 

respiratory states compared to mitochondria from mice-fed CTRL diet (Figure R-6A). In particular, 

HC feeding impaired ADP-stimulated state 3 respiration as well as the FCCP-induced maximal 

uncoupler-stimulated respiration (state 3u) without significant change in state 4o respiration 

(Figure R-6B). These alterations were reflected in the respiratory control ratio (RCR) (state 3/state 

4o) and uncoupling control ratio (UCR) (state 3u/state 4o), decreasing both in mitochondria from 

HC-fed mice (Figure R-6C). 

 

 

Figure R-6. Effect of cholesterol in mitochondrial OCR using pyruvate and malate as 

substrates. WT C57BL/6J mice were fed a CTRL or HC diet for 2 days. (A,B) Respiration of 

CTRL and cholesterol-enriched mitochondria using XFe24 Seahorse Analyzer. Mitochondria 

began in a coupled state with pyruvate and malate (10mM) present (state 2). State 3 initiated 

with ADP (4mM) addition, state 4 was induced with the injection of oligomycin (2.5μg/ml) 

(state 4o), and FCCP (4μM) induced maximal uncoupler-stimulated respiration (state 3u). 

Non-mitochondrial respiration was assessed by OCR measurement in the presence of AA 

(4μM). (C) Respiratory control ratios (RCR: state 3/state 4o, and UCR: state 3u/state 4o). Data 

are presented as means ± SEM (N>10, *P<0.05, Unpaired Student's t-test (two tailed)). 
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Similar analysis was performed using succinate plus rotenone to examine respiration through 

complex II. HC feeding impaired OCR from succinate plus rotenone with decreased state 3 and 

state 3u (Figure R-7A,B). In addition, HC feeding decreased succinate plus rotenone-driven state 

4o respiration (Figure R-7B), which translated in unchanged RCR and UCR ratios (Figure R-7C). 

Thus, these findings indicate that in vivo mCholesterol loading significantly impairs mitochondrial 

complex I and complex II-driven state 3 respiration. 

 

 

Figure R-7. Effect of cholesterol in mitochondrial respiration from succinate and 

rotenone. WT C57BL/6J mice were fed a CTRL or HC diet for 2 days. (A,B) Respiration of 

CTRL and cholesterol-enriched mitochondria using XFe24 Seahorse Analyzer. Mitochondria 

began in a coupled state with succinate (10mM) and rotenone (2μM) present (state 2). 

State 3: ADP (4mM), State 4o: Oligomycin (2.5μg/ml), State 3u: FCCP (4μM), Non-

mitochondrial respiration: AA (4μM). (C) Respiratory control ratios (RCR: state 3/state 4o, 

and UCR: state 3u/state 4o). Data are presented as means ± SEM (N>10, *P<0.05, Unpaired 

Student's t-test (two tailed)). 

 

Since the proton-motive force generated from coupled respiration determines the mitochondrial 

membrane potential, we next assessed the impact of mCholesterol loading in membrane 

potential. Incubation of PMH from HC-fed mice stained with TMRM revealed a decrease in 

mitochondrial membrane potential (Figure R-8). Overall, these findings demonstrate the 

deleterious effects of cholesterol enrichment on mitochondrial respiration. 
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Figure R-8. Effect of cholesterol in mitochondrial membrane 

potential. Mitochondrial membrane potential measured by 

TMRM Fluorescence in a fluorescence spectroscope. Data are 

presented as means ± SEM (N>3, *P<0.05, Unpaired Student's t-

test (two tailed)). 

 

1.4. CHOLESTEROL-LIPID INTERACTIONS CONTRIBUTE TO DECREASED COMPLEX I-DRIVEN STATE 

3 RESPIRATION 

 

To determine whether the impairment of mitochondrial respiration by HC-induced mCholesterol 

loading is a direct consequence of cholesterol enrichment in mitochondrial membranes, we used 

an in situ approach in which cholesterol complexed with BSA (CBSAC) results in the enrichment of 

cholesterol content in both membranes (Colell et al., 2003). Compared to incubation with BSA 

alone, CBSAC resulted in the increase in cholesterol levels with a 4-fold increase. Real-time OCR 

driven by pyruvate plus malate revealed that cholesterol did not affect state 3 or state 3u 

respiration, although it uncoupled mitochondrial respiration as revealed by the increased state 4o 

respiration (Figure R-9A), which translated in decreased RCR and UCR (Figure R-9B). However, 

when succinate plus rotenone were used as substrates the enrichment in cholesterol did not 

affect succinate-driven OCR and hence RCR and UCR remained unchanged (Figure R-9C,D). 

 

Since the interaction of cholesterol with membrane proteins is enantioselective but the 

interaction with membrane lipids is not (Li et al., 2004; Westover and Covey, 2004; Xu et al., 2005), 

we next enriched mitochondria with enantiomer cholesterol (Ent-CBSAC), the mirror image of 

natural cholesterol, as an approach to assess the contribution of the interactions between 

cholesterol with lipids and/or proteins in the disrupting effect of cholesterol in pyruvate and 

malate-driven respiration. Mitochondria enriched in Ent-CBSAC exhibited an increase in 

cholesterol levels similar to those found with natural CBSAC (2.5-fold compared to BSA). As CBSAC 

failed to alter complex II-driven respiration, we tested the role of Ent-CBSAC on complex I-induced 

OCR. Interestingly, Ent-CBSAC decreased pyruvate and malate-driven state 3 and state 3u 

respiration, which resulted in lower RCR and UCR (Figure R-9A,B). These in vitro findings suggest 
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that cholesterol-lipid interactions could mediate the decrease in complex I-driven state 3 and 

state 3u respiration. 

 

 

Figure R-9. Impact of in vitro cholesterol enrichment in mitochondrial respiration. Mitochondria from WT 

C57BL/6J mice fed a CTRL diet were isolated and incubated with natural cholesterol or its enantiomer complexed 

with BSA (CBSAC and Ent-CBSAC respectively). (A) Pyruvate and Malate-driven mitochondrial respiration. State 2: 

pyruvate and malate (10mM), State 3: ADP (4mM), State 4o: Oligomycin (2.5μg/ml), State 3u: FCCP (4μM), Non-

mitochondrial respiration: AA (4μM). (B) Respiratory control ratios (RCR: state 3/state 4o, and UCR: state 3u/state 

4o). Values are the mean ± SEM of N > 3 per group. *P < 0.05. One-way ANOVA followed by Tukey's Multiple 

Comparison test. (C) Succinate and Rotenone-driven mitochondrial respiration. State 2: succinate (10mM) and 

rotenone (2μM), State 3: ADP (4mM), State 4o: Oligomycin (2.5μg/ml), State 3u: FCCP (4μM), Non-mitochondrial 

respiration: AA (4μM). (D) Respiratory control ratios (RCR: state 3/state 4o, and UCR: state 3u/state 4o). Data are 

presented as means ± SEM (N > 3, *P < 0.05, Unpaired Student's t-test (two tailed)). 

 

1.5. mCHOLESTEROL ENRICHMENT DISRUPTS THE ASSEMBLY OF RESPIRATORY 

SUPERCOMPLEXES 

 

In view of the preceding findings, we hypothesized that mCholesterol loading in vivo by HC feeding 

may impact negatively the expression of respiratory complexes. Therefore, we first performed 

SDS electrophoresis to determine the expression of specific subunits of respiratory complexes. As 

seen, the expression of specific subunits from complex I (C-I-20), complex II (C-II-30), complex III 

(C-III-Core 2), complex IV (C-IV-I) and complex V (C-V-α) were unaffected by mCholesterol loading 

by HC feeding (Figure R-10A,B).  
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Since the structural organization of the mitochondrial respiratory complexes as independent 

entities connected by mobile carriers such as CoQ and cytochrome c (Cyt C) has been challenged 

(Acín-Pérez et al., 2008), we next hypothesized that cholesterol-mediated changes in membrane 

physical properties may impact the organization and assembly of supercomplexes structures, 

responsible for carrying out cellular respiration. Blue native electrophoresis of mitochondria after 

digitonin solubilization was carried out with subsequent antibody incubation against specific 

subunits of each respiratory complex sequentially. mCholesterol accumulation did not change the 

levels of respiratory complexes CI, CIV and CV but caused a significant downregulation of 

respiratory complex III2 (Figure R-10C,D). This outcome mirrored the downregulation of 

supercomplexes I1+III2+IV and I1+III2 in cholesterol-enriched mitochondria (Figure R-10C,D). These 

data indicating a negative impact of cholesterol on the assembly of respiratory supercomplexes 

can account for the observed alterations in mitochondrial respiration and emerge as a potential 

molecular mechanism by which cholesterol accumulation in liver alters mitochondrial function. 

 

 

Figure R-10. Impairment of mitochondrial supercomplexes assembly by cholesterol enrichment. (A) Protein expression 

of mitochondrial respiratory complexes subunits from livers of WT C57BL/6J mice fed a CTRL or HC diet for 2 days. Images 

are representative of at least three independent experiments. (B) Protein Expression quantification of (A) by ImageJ 

software. Values are the mean ± SEM of >5 animals per group. *P<0.05 vs. CTRL samples. (C) Blue Native Page 

electrophoresis of livers from CTRL and HC mice to detect OXPHOS complexes and Supercomplexes expression. 

Coomassie Blue (CB) staining was used as loading control. Images are representatives of 9 replicates per group. (D) 

Protein Expression quantification of (C) by ImageJ software. Values are the mean ± SEM of >5 animals per group. *P<0.05. 

Unpaired Student's t-test (two tailed). 
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1.6. GSH ETHYL ESTER PROTECTS AGAINST HC-INDUCED OXIDATIVE STRESS AND LIVER INJURY 

 

As mitochondria are the main consumers of oxygen and a major source of ROS, we next 

determined whether HC-induced mitochondrial dysfunction results in increased oxidative stress. 

As seen, staining of liver sections from HC-fed mice with DHE indicated increased generation of 

ROS compared to control mice (Figure R-11A,B). This outcome paralleled the depletion of cellular 

GSH levels (Figure R-11C) as well as the mGSH pool (Figure R-11D), which is primarily due to the 

defective transport of GSH into mitochondrial matrix (Colell et al., 1997; Fernández et al., 2009a; 

García-Ruiz et al., 1994). Consistent with these findings, HC feeding resulted in increased oxidative 

stress as shown by enhanced carbonylated proteins (Figure R-11E). 

 

HC diet also induced a macroscopic change in liver color when compared to control diet. HC livers 

displayed a steatotic pale appearance compared to control livers (Figure R-12A) that paralleled 

oil-red staining (Figure R-12B). In addition, H&E staining revealed a significant dilation of liver 

perisinusoidal spaces after 2 days of HC feeding (Figure R-12C). These changes were accompanied 

by the release of AST and ALT in serum indicating that HC-diet induces liver injury (Figure R-12D). 

 

We next explored the potential impact of total GSH and mGSH restoration by GSH ethyl ester 

(GSHee) in HC-fed mice. GSHee is a cell-permeable derivative of GSH that freely crosses 

membrane bilayers and diffuses into mitochondria resulting in mGSH replenishment. GSHee 

treatment of HC-fed mice restored both total and mGSH pools (Figure R-11C,D). Moreover, GSHee 

treatment decreased HC-induced DHE increase (Figure R-11A,B), reduced protein carbonylation 

(Figure R-11E), restored the HC-mediated dilation of liver perisinusoidal spaces (Figure R-12C), 

and decreased ALT/AST release (Figure R-12D), indicating that GSHee protected HC-fed mice from 

liver injury when compared to HC untreated mice. To assess whether the outcome of GSHee 

administration was accompanied by improved mitochondrial function, we examined the impact 

of in vivo GSHee administration in mitochondrial performance from pyruvate plus malate-induced 

OCR. Consistent with previous findings, HC feeding decreased OCR and RCR from complex I that 

was improved upon GSHee treatment (Figure R-13A,B). Moreover, GSHee restored the levels of 

respiratory complex III2, although it did not affect the assembly of respiratory supercomplexes 

I+III2+IV and I+III2 (Figure R-13C,D). Thus, these findings indicate that GSHee administration 

protects mice from HC-induced liver injury and oxidative stress in part by improving mitochondrial 

respiration. 
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Figure R-11. Effects of GSHee treatment on HC-induced oxidative stress. (A) Reactive oxygen species content in liver 

tissue by DHE staining. Representative images obtained by fluorescence microscopy. (B) Fluorescence quantification of 

DHE intensity using ImageJ software. (C,D) GSH levels in liver and mitochondria. Values are the mean ± SEM of >5 animals 

per group. *P<0.05. One-way ANOVA followed by Tukey's Multiple Comparison test. (E) Carbonylated proteins from liver 

sections of CTRL or HC-fed mice with or without GSHee administration in vivo. Results are the mean ± SEM of 3 animals 

per group. *P<0.05. One-way ANOVA followed by Tukey's Multiple Comparison test. 
 

 

 

Figure R-12. Effects of GSHee treatment on HC-induced neutral lipid accumulation and liver damage. (A) Macroscopic 

view of liver after CTRL or HC feeding with or without GSHee treatment. Representative images of >5 replicates is shown. 

(B) Liver sections of CTRL, HC and HC+GSHee mice analyzed by Oil-Red staining. Representative images of >4 animals per 

group are shown. (C) Liver sections of CTRL, HC and HC+GSHee mice analyzed by H&E. (D) Serum AST and ALT levels 

from CTRL, HC and HC+GSHee mice. Data are presented as means ± SEM (N>5, *P<0.05, One-way ANOVA followed by 

Tukey's Multiple Comparison test). 
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Figure R-13. Effects of GSHee treatment on HC-induced mitochondrial dysfunction. (A) Pyruvate and Malate-driven 

mitochondrial respiration. State 2: pyruvate and malate (10mM), State 3: ADP (4mM), State 4o: Oligomycin 

(2.5μg/ml), State 3u: FCCP (4μM), Non-mitochondrial respiration: AA (4μM). (B) Respiratory control ratio (RCR: state 

3/state 4o) determined from OCR analyzed in I. (C) Blue Native Page electrophoresis of livers from CTRL and HC-fed 

mice with or without GSHee treatment to detect OXPHOS complexes and Supercomplexes expression. Coomassie 

Blue (CB) staining was used as loading control. Images are representatives of >5 replicates per group. (D) Protein 

expression quantification of (C) by ImageJ software. Values are the mean ± SEM of 8 animals per group. *P<0.05. 

One-way ANOVA followed by Tukey's Multiple Comparison test. 

 

To sum up, findings from this study deeply describe the impact of mCholesterol accumulation on 

the function of liver mitochondria. We have shown that HC-fed mice exhibit increased expression 

of StARD1 and MLN64 and enhanced mitochondrial free cholesterol levels, leading to decreased 

membrane fluidity. Mitochondria from HC-fed mice display increased cholesterol loading in both 

outer and inner mitochondrial membranes. Cholesterol loading decreases complex I and complex 

II-driven state 3 respiration and mitochondrial membrane potential. Decreased respiratory and 

uncoupling control ratio from complex I is also observed after in situ enrichment of mouse liver 

mitochondria with cholesterol or enantiomer cholesterol, the mirror image of natural cholesterol. 

Moreover, in vivo cholesterol loading decreases the level of complex III2 and the assembly of 

respiratory supercomplexes I1+III2+IV and I1+III2. HC feeding also causes oxidative stress and mGSH 

depletion, which translates in hepatic steatosis and liver injury, effects that are rescued by 

replenishing mGSH with GSHee. Overall, our results indicate that mCholesterol accumulation 

disrupts mitochondrial functional performance and the organization of respiratory 

supercomplexes assembly, which can contribute to oxidative stress and liver injury. 
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2. STUDY II. HEPATOCYTE-SPECIFIC STARD1 ABLATION PROTECTS FROM LIVER DAMAGE IN 

ALCOHOLIC LIVER DISEASE BY PREVENTING INCREASED MITOCHONDRIAL CHOLESTEROL 

AND OXIDATIVE STRESS PARTICULARY IN HEPATIC PERIVENOUS AREA 

 

2.1. STARD1 LEVELS INCREASE UPON ETOH CONSUMPTION PREFERENTIALLY IN PV AREA 

 

As explained in this thesis introduction, key players contributing to ALD pathogenesis include 

selectively impairment of antioxidant defense by glutathione depletion through mCholesterol 

loading. However, the mechanism through which alcohol-induced cholesterol accumulates in 

mitochondria remains unknown. One of the main mCholesterol transporters is StARD1, which has 

been reported to be increased in ALD but has never been related to the pathological mCholesterol 

levels in this disease (Fernández et al., 2013). Thus, we first aimed to examine liver zonation in 

relation to alcohol consumption and StARD1 in an experimental animal model of EtOH-induced 

liver injury. 

 

For this purpose, 8 week male old WT C57BL/6J mice were exposed to a Lieber DeCarli diet with 

maltodextrin (CTRL) or 5% ethanol (EtOH) for 10 days. EtOH increased CYP2E1 expression in whole 

liver, as expected, as well as StARD1 levels (Figure R-14A,B). Interestingly, we observed that 

StARD1 was induced by EtOH in a zonal manner, preferentially in PV areas as seen by 

immunohistochemistry (Figure R-14C). Immunohistofluorescence using Glutamine synthase 

(GLUL) as a PV marker also revealed increased StARD1 expression in this area upon EtOH 

consumption (Figure R-14D). 

 

To further confirm the observed StARD1 induction in PV hepatocytes in contrast to PP population, 

we selectively isolated PP and PV hepatocytes by using a dual digitonin-collagenase liver perfusion 

(Figure R-15A). Selective destruction of PP or PV mouse hepatocytes was achieved obtaining four 

hepatocyte populations: CTRL PP, EtOH PP, CTRL PV and EtOH PV. Population enrichment was 

confirmed by WB analysis of PP and PV markers: E-Cadherin, CYP2E1 and GLUL (Figure R-15B,C).  
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Figure R-14. Effects of EtOH consumption on hepatic StARD1 levels. WT C57BL/6J mice were exposed to Lieber 

DeCarli diet with maltodextrin (CTRL) or 5% ethanol (EtOH) for 10 days. (A) Protein expression of CYP2E1 and StARD1 

in liver homogenates. Images are representative of at least three independent experiments. (B) Protein expression 

quantification of (A) by ImageJ software. Values are the mean ± SEM of >5 animals per group. P<0.05. Unpaired 

Student’s t-test (two tailed). StARD1 levels in liver by (C) Immunohistochemistry and (D) Immunohistofluorescence. 

Images are representative of at least 3 replicates per group. 

 

 

Figure R-15. PP and PV hepatocytes isolation by a dual digitonin-collagenase liver perfusion. (A) Periportal 

(PP) and perivenous (PV) isolation pattern. (B) Protein levels of population enrichment markers (PP: E-CADH; 

PV: CYP2E1 and GLUL). (C) Protein expression quantification of (B) by ImageJ software. Values are the mean 

± SEM of >10 animals per group. P<0.05. Two-way ANOVA followed by Tukey’s Multiple Comparison test. 
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Separation of both hepatocytes populations confirmed the previously observed StARD1 induction 

by EtOH mainly in PV hepatocytes. The increased expression of this particular mCholesterol 

transporter was unique since we could not observe changes in MLN64, another well-known 

transporter of cholesterol into mitochondria (Figure R-16A,B). Overall, these data confirm the 

previously described EtOH-induced StARD1 expression in liver and reveal new findings by 

specifically localizing this StARD1 upregulation in PV areas. 

 

 

Figure R-16. Changes in StARD1 levels in PP and PV hepatocytes upon EtOH consumption. WT C57BL/6J mice were 

exposed to Lieber DeCarli diet with maltodextrin (CTRL) or 5% ethanol (EtOH) for 10 days. (A) StARD1 and MLN64 protein 

levels in CTRL or EtOH PP and PV hepatocytes. (B) Protein expression quantification of (A) by ImageJ software. Values are 

the mean ± SEM of >6 animals per group. P<0.05. Two-way ANOVA followed by Tukey’s Multiple Comparison test. 

 

2.2. LOWER OXYGEN TENSION IN PV POPULATION COMPARED TO PP AREA CONTRIBUTES TO 

ETOH-INDUCED STARD1 UPREGULATION 

 

EtOH is mainly metabolized in PV hepatocytes since they exhibit more CYP2E1 expression 

compared to PP population (Bühler et al., 1992; Johansson et al., 1990). However, other factors 

determining metabolic zonation in liver could be also involved in the differences observed in 

EtOH-induced StARD1 expression between PP and PV populations. Among them, oxygen tension, 

which decreases in PV areas compared to PP areas (Jungermann and Kietzmann, 2000; Kietzmann, 

2017). Hypoxia inducible factor HIF is a known transcriptional factor that promotes StARD1 

expression in reproductive cells (Kowalewski et al., 2015). StARD1 promoter has indeed a hypoxia 

response element. Taking this into account, we wondered whether the increased StARD1 
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expression observed in PV areas could be due to not only higher EtOH metabolism in this zone but 

also lower oxygen levels through HIF regulation. To do so, we isolated PMH and treated them with 

or without 100µM CoCl2 to induce a chemical hypoxia and simulate PV and PP areas respectively, 

and exposed them to 100mM EtOH. Interestingly, StARD1 levels increased in hypoxic conditions 

at the same extend as with EtOH treatment while the combination of both factors triggered the 

highest levels of StARD1 expression (Figure R-17A,B). Mimicking PV environment in vitro helped 

to prove StARD1 upregulation by both EtOH and hypoxia, and helped to better explain the 

significant differences seen in StARD1 expression between the hypoxic PV area and the PP 

population after EtOH consumption. 

 

 

 

Figure R-17. Effects of EtOH and hypoxia on StARD1 expression in PMH. (A) Protein expression 

levels of HIF2α, CYP2E1 and StARD1 in PMH treated for 24 hours with 100µM CoCl2 and/or 

100mM EtOH. (B) Protein expression quantification of (A) by ImageJ software. Values are the 

mean ± SEM (N>3, P<0.05, Two-way ANOVA followed by Tukey’s Multiple Comparison test). 
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2.3. ETOH INTAKE CAUSES AN INCREMENT OF mCHOLESTEROL SPECIFICALLY IN PV HEPATOCYTES 

 

Since EtOH consumption has been shown to increase StARD1 levels mainly in PV area, we next 

examined hepatic cholesterol levels. Staining of liver sections with filipin showed no differences 

in global hepatic free cholesterol between CTRL and EtOH-fed mice (Figure R-18A,B). However, 

deeply analysis of the same liver sections taking into account PP and PV areas separately allowed 

us to unravel differences in cholesterol between both populations. GLUL and CYP2F2 images were 

used to create a contour area around central and portal veins respectively. Cholesterol content of 

the selected PV and PP areas was then measured in these contours based on the filipin 

fluorescence intensity (Figure R-19). This specific analysis showed increased free cholesterol 

content in PV population compared to PP after EtOH intake (Figure R-18C,D). 

 

 

 

Figure R-18. Alteration of hepatic free cholesterol levels by EtOH feeding. (A) Cholesterol levels in liver by 

Immunohistofluorescence using Filipin as a cholesterol marker and GLUL and CYP2F2 as PV and PP markers 

respectively. (B) Filipin intensity of (A) analyzed using ImageJ software. Data are presented as means ± SEM (N>3, 

P<0.05, Unpaired Student’s t-test (two tailed)). (C) Filipin staining of selected central and portal vein areas. (D) Filipin 

intensity of the selected PP and PV areas using ImageJ software. Values are the mean ± SEM of >3 animals per group. 

P<0.05. Two-way ANOVA followed by Tukey’s Multiple Comparison test. 
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Figure R-19. Methodology conducted by ImageJ to measure cholesterol in PP and PV areas separately from 

EtOH-fed mice livers. Confocal microscope images were analyzed using ImageJ software. GLUL and CYP2F2 

images were thresholded and binarized to generate a mask containing the central or portal vein contours, 

respectively. Masks were applied a median filter to reduce noise and get a better vessel contour. For each mask, 

everything but the contour of the vessel of interest was manually deleted. The original vessel contour was 

defined as ROI1, while a new contour generated by dilating ROI1 by 18µm-thick was defined as ROI2. A third ROI, 

ROI3, was generated by subtracting ROI1 from ROI2 to get an 18µm-thick region surrounding the vessel. ROI3 

was used to extract the cholesterol content of the PV or PP areas based on the filipin fluorescence intensity. 

 

 

Since StARD1 is a mCholesterol transporter, we next determined free cholesterol levels in 

mitochondria. In line with total liver free cholesterol, confocal imaging of PP and PV hepatocytes 

upon staining with filipin and Cyt C (mitochondrial marker) revealed increased mCholesterol levels 

in PV hepatocytes after EtOH feeding (Figure R-20A,B). Thus, these findings demonstrate the 

strong effects of EtOH on mCholesterol enrichment in the PV area. 
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Figure R-20. Alteration of mCholesterol levels by EtOH feeding in PP and PV populations. (A) mCholesterol levels 

by Immunocytochemistry using Cyt C and Filipin. (B) Staining markers colocalization of (A) analyzed using ImageJ 

software. Data are presented as means ± SEM (N>5, P<0.05, Two-way ANOVA followed by Tukey’s Multiple 

Comparison test). 

 

2.4. ETOH-FED MICE PRESENT GSH DEPLETION AND INCREASED OXIDATIVE STRESS IN PV 

HEPATOCYTES WITH SUBSEQUENT LIVER DAMAGE 

 

As mCholesterol loading has been described to result in antioxidant defense alteration by 

glutathione depletion (Ribas et al., 2014; Solsona-Vilarrasa et al., 2019), we next determined GSH 

levels in our model. Interestingly, we observed that in CTRL diet both total and mGSH levels are 

higher in PV hepatocytes compared to PP, which suggests that PV area has a higher antioxidant 

system in basal conditions. After EtOH consumption, GSH levels of both populations decreased to 

the same level being PV population the most affected one due to a higher drop in the antioxidant 

levels (Figure R-21A). These results were accompanied by an alteration of the mitochondrial 

dicarboxylate carrier (DIC) expression, protein that transports glutathione across the inner 

mitochondrial membrane. Although DIC levels were mainly increased in PV hepatocytes after 

EtOH consumption, this increment was insufficient to maintain basal glutathione levels (Figure R-

21B,C). This outcome also paralleled the increased oxidative stress specifically observed in PV-

EtOH hepatocytes by incremented 4-HNE presence and DCF intensity (Figure R-21D-F). 
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Figure R-21. Consequences of EtOH intake on GSH levels and oxidative stress. (A) GSH levels in total hepatocytes and 

mitochondria. Values are the mean ± SEM of >6 animals per group. P<0.05. Two-way ANOVA followed by Tukey’s 

Multiple Comparison test. (B,D) DIC and 4-HNE-modified protein levels in CTRL or EtOH PP and PV hepatocytes. (C,E) 

Protein expression quantification of (B,D) by ImageJ software. Values are the mean ± SEM of >4 animals per group. 

P<0.05. Two-way ANOVA followed by Tukey’s Multiple Comparison test. (F) Reactive oxygen species content in 

hepatocytes by DCF. Data are presented as means ± SEM (N>4, P<0.05, Two-way ANOVA followed by Tukey’s Multiple 

Comparison test). 

 

Based on these findings, we then examined whether the increase in ROS specifically in the PV area 

translated in an increase in liver damage in the PV zone. Staining of liver sections with H&E 

revealed mild but clear hepatic injury mainly around central veins in EtOH-fed mice in comparison 

with PP areas (Figure R-22A), results that correlated with increased levels of serum transaminases 

(Figure R-22B). Overall, these data indicate that EtOH induces GSH depletion and oxidative stress 

specifically in PV areas, which finally leads to liver damage. 
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Figure R-22. Consequences of EtOH intake on liver damage. (A) Liver sections of CTRL and EtOH-fed mice 

analyzed by H&E. (B) Serum AST and ALT levels from CTRL and EtOH mice. Data are presented as means ± SEM 

(N>10, P<0.05, Unpaired Student’s t-test (two tailed)). 

 

2.5. ETOH CONSUMPTION ALTERS THE MORPHOLOGY OF PP AND PV HEPATOCYTES AS WELL AS 

THEIR MITOCHONDRIA 

 

Alcohol-induced liver injury is characterized by the formation of lipid droplets containing 

triglyceride and esterified cholesterol in the cytosol of hepatocytes, because of ethanol-induced 

alteration of hepatic lipid metabolism (Crabb and Liangpunsakul, 2006; Nakajima et al., 2004; 

Ohashi et al., 2018; You et al., 2008). Also changes at subcellular level have been described as 

alterations in mitochondria which are enlarged after EtOH consumption (Bruguera et al., 1977). 

However, these features are regularly investigated in a general manner, without taking liver 

zonation into account. As we have observed that PV area is the most affected one in ALD, we then 

aimed to characterize the structural changes induced by EtOH in PP and PV hepatocytes separately 

using transmission electron microscopy. For this purpose, 8 week-old WT C57BL/6J male mice 

were fed a CTRL or EtOH diet for 30 days. Liver semifine sections of these mice were observed 

with light microscopy to define PP and PV areas and images from ultrathin sections containing 

both areas were taken using a TEM JEOL JEM-1010 (Figure R-23A). 

 

In CTRL diet both areas presented high glycogen content and few small lipid droplets (LD). EtOH 

intake induced a strong decrease in glycogen content in both areas, especially in the PV zone 

(Figure R-23A,B). Regarding to LD, EtOH increased their number in both populations (Figure R-

23C). However, while PP LD sizes ranged from small to very large, PV LD remained small (Figure 

R-23D). 
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Figure R-23. Alteration of hepatic morphology from PP and PV areas by EtOH consumption. WT C57BL/6J mice were 

fed a CTRL or EtOH diet for 30 days. Liver semifine sections of these mice were observed with light microscopy to 

define PP and PV areas. (A) Representative images from ultrathin sections containing CTRL or EtOH PP and PV areas 

taken using a TEM JEOL JEM-1010. (B) Hepatocyte glycogen content. (C) Hepatocyte LD content. (D) Hepatocyte LD 

density and LD size distribution among the different populations. N=3 animals/diet and n≥35 hepatocytes/group. Data 

are presented as means ± SEM (P<0.05, Two-way ANOVA followed by Tukey’s Multiple Comparison test). #, glycogen. 

&, lipid droplet. 

 

EtOH also induced changes at subcellular levels, mainly in mitochondria (Figure R-24A). In CTRL 

conditions, PV mitochondria appeared to be smaller compared to PP mitochondria. This feature 

paralleled the observed increased expression of FIS1, a mitochondrial fission protein, in PV areas 

in contrast to PP (Figure R-24B,C). After EtOH consumption, mitochondrial number and length 

increased in PP hepatocytes with the largest mitochondria surrounding LDs, findings that 

correlated with increased OPA1 expression (mitochondrial fusion marker) (Figure R-24B,C). In 

contrast, EtOH did not affect mitochondrial size in PV areas but induced a dramatic change in 

mitochondrial shape: concave forms with thick edges and a thin matrix in the center, and donut-

like forms with bent shapes shrinking into a ring with a lumen containing cytoplasm. Some of these 

mitochondria presented unusual parallel cristae. Furthermore, there were also changes in 
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endoplasmic reticulum. In CTRL diet PV hepatocytes contained more RER than PP hepatocytes. 

Interestingly, EtOH caused a shift from RER to SER in PV areas (Figure R-24A). 

 

 

Figure R-24. Alteration of mitochondrial morphology from PP and PV areas by EtOH consumption. WT C57BL/6J mice 

were fed a CTRL or EtOH diet for 30 days. Liver semifine sections of these mice were observed with light microscopy to 

define PP and PV areas. (A) Representative images of CTRL or EtOH PP and PV hepatocyte mitochondria. ➔ donut-like 

forms. ► concave forms with thick edges and a thin matrix in the center. * Parallel cristae. RER, rough endoplasmatic 

reticulum (ER). SER, smooth ER. (B) OPA1 and FIS1 protein levels in CTRL or EtOH PP and PV hepatocytes. (C) Protein 

expression quantification of (B) by ImageJ software. Data are presented as means ± SEM (N>3, P<0.05, Two-way ANOVA 

followed by Tukey’s Multiple Comparison test). 

 

These data reveal that PP and PV areas are different in basal states and that EtOH induces 

differential changes in both populations, pooling them further apart. EtOH predominantly induces 

substantial structural changes in mitochondria from PV area, which correlates with our previous 

findings and may account for the prevailing injury seen in this area in ALD. 
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2.6. KNOCKING-OUT STARD1 PROTECTS ETOH-FED MICE FROM mCHOLESTEROL INCREASE, GSH 

REDUCTION AND INCREASED OXIDATIVE STRESS IN PV AREA AS WELL AS LIVER DAMAGE 

 

In view of the preceding findings, we hypothesized that EtOH-induced StARD1 levels may be 

involved in the observed hepatic damage by increasing mCholesterol levels and oxidative stress 

in the PV area. Therefore, we decided to determine the effects of StARD1 absence in our ALD 

model by using PV hepatocytes from liver-specific StARD1-deficient mice (StARD1ΔHep). 

 

As expected, EtOH induced the expression of StARD1 in PV hepatocytes from StARD1f/f mice, 

alteration not observed in StARD1ΔHep mice (Figure R-25A,B). EtOH also increased mCholesterol 

levels in StARD1f/f but not StARD1ΔHep mice as determined by filipin and Cyt C colocalization (Figure 

R-25C,D). 

 

 

Figure R-25. Effects of EtOH intake in StARD1 and mCholesterol levels of PV hepatocytes from StARD1-deficient mice. (A) 

StARD1 protein levels in CTRL or EtOH PV hepatocytes from StARD1f/f and StARD1ΔHep mice. (B) Protein expression 

quantification of (A) by ImageJ software. Data are presented as means ± SEM (N>5, P < 0.05, Two-way ANOVA followed by 

Tukey’s Multiple Comparison test). (C) mCholesterol levels by Immunocytochemistry using Cyt C and Filipin. (D) Staining 

markers colocalization of (C) analyzed using ImageJ software. Data are presented as means ± SEM (N>5, P<0.05, Two-way 

ANOVA followed by Tukey’s Multiple Comparison test). 
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In line with this findings, while PV hepatocytes of StARD1f/f mice presented total and mGSH 

depletion upon EtOH intake, StARD1ΔHep hepatocytes exhibited higher antioxidant levels upon 

EtOH exposure (Figure R-26A). The differences in GSH levels were independent of DIC levels, since 

both groups showed increased DIC expression after EtOH consumption (Figure R-26B,C). Besides 

GSH, StARD1 deletion also protected hepatocytes from oxidative stress and ultimately protected 

mice from liver damage as observed by a decrease in 4-HNE modified proteins in hepatocytes and 

AST levels in StARD1ΔHep mice (Figure R-26D-F). 

 

 

Figure R-26. Consequences of knocking-out StARD1 in EtOH-altered GSH levels, oxidative stress and hepatic damage. 

(A) GSH levels in CTRL or EtOH PV hepatocytes from StARD1f/f and StARD1ΔHep mice. Data are presented as means ± 

SEM (N>8, P<0.05, Two-way ANOVA followed by Tukey’s Multiple Comparison and Unpaired Student’s t-test (two-

tailed) between EtOH groups). (B,D) DIC and 4-HNE modified proteins levels from StARD1f/f and StARD1ΔHep CTRL or 

EtOH PV hepatocytes. (C,E) Protein expression quantification of (B,D) by ImageJ software. Values are the mean ± SEM 

of >4 animals per group. P<0.05. Two-way ANOVA followed by Tukey’s Multiple Comparison and Unpaired Student’s 

t-test (two-tailed) between EtOH groups. (F) Serum AST levels from CTRL and EtOH StARD1f/f and StARD1ΔHep mice. 

Data are presented as means ± SEM (N>8, P<0.05, Two-way ANOVA followed by Tukey’s Multiple Comparison test). 
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To summarize, this study contributes on expanding ALD molecular mechanisms by highlighting 

StARD1 as a new key player in ALD progression. By using a Lieber-DeCarli liquid diet model with 

mice we have shown that EtOH intake increases StARD1 expression specifically in the hepatic PV 

area compared to the PP zone. Interestingly, StARD1 upregulation in PV area depends of not only 

higher alcohol metabolism in PV zone but also lower oxygen levels since hypoxia also induces 

StARD1 increment. In line with StARD1 upregulation, EtOH-fed mice also exhibit increased 

mCholesterol levels and oxidative stress preferentially in PV hepatocytes compared to PP. Besides, 

we have observed a dramatically change in shape of mitochondria from PV hepatocytes after EtOH 

intake. Interestingly, these alterations in PV zone translating into significant liver injury are 

interrupted by StARD1 deletion. Liver-specific StARD1-deficient mice are protected from EtOH-

induced liver injury since StARD1 deficiency prevents from increased mCholesterol levels and 

oxidative stress ensuring proper hepatic function.  
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3. STUDY III. ACID CERAMIDASE IMPROVES MITOCHONDRIAL FUNCTION IN NIEMANN-PICK 

TYPE C DISEASE BY REPRESSING STARD1-DEPENDENT MITOCHONDRIAL CHOLESTEROL 

ACCUMULATION 

 

3.1. NPC1-/- MICE PRESENT HEPATIC mCHOLESTEROL ACCUMULATION AND STARD1 

UPREGULATION 

 

Accumulation of cholesterol in lysosomes caused by mutations in NPC1 is a hallmark of NPC 

disease (Beltroy et al., 2005; Patterson et al., 2012; Schultz et al., 2016; Vanier, 2015).  Besides 

this event, accumulation of cholesterol in mitochondria of Npc1-/- mice has also been reported as 

well as its biological and clinical consequences (Marí et al., 2006; Torres et al., 2017b; Yu et al., 

2005). However, the underlying mechanism involved has not been addressed yet.   

 

Before exploring potential mechanisms of mCholesterol accumulation in NPC disease, we further 

analyzed hepatic mCholesterol homeostasis in Npc1-/- mice. Staining of liver sections with filipin 

revealed increased cholesterol levels in liver from Npc1-/- mice compared to Npc1+/+ mice (Figure 

R-27A). These results were further confirmed by HPLC analyses of liver homogenates and isolated 

mitochondrial fraction from Npc1+/+ and Npc1-/- mice (Figure R-27B,C). Consistent with the 

increase in mCholesterol loading, fluorescence anisotropy analysis of liver mitochondria labeled 

with the fluorescent probe DPH revealed an increase in mitochondrial membrane order in Npc1-

/- mice compared to Npc1+/+ mice (Figure R-27D). In addition, confocal microscopy analyses of 

PMH from Npc1-/- mice indicated increased filipin staining and colocalization with Cyt C-labeled 

mitochondria (Figure R-27E,F), indicating the increase in mCholesterol levels. 

 

As a potential mechanism accounting for the increase in mCholesterol content, we examined the 

expression of StARD1, which plays a crucial role in cholesterol trafficking from the outer to inner 

mitochondrial membrane (Caron et al., 1997; Charman et al., 2010; Kishida et al., 2004; Miller, 

2007b; Torres et al., 2019). Remarkably, StARD1 protein expression levels increased in liver of 

Npc1-/- mice (Figure R-28A,B). Moreover, levels of MLN64 also increased in liver of Npc1-/- mice 

compared to Npc1+/+ mice (Figure R-28A,B). These findings establish the increase in hepatic 

mCholesterol levels that correlate with expression of StARD1 and MLN64. 
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Figure R-27. mCholesterol content in livers of Npc1+/+ and Npc1-/- mice. Npc1+/+ and Npc1-/- mice were sacrificed at 

6 weeks of age to isolate mitochondria from liver. (A) Filipin staining. (B) Homogenate and (C) mCholesterol levels 

by HPLC analyses. (D) Mitochondrial membrane order measured by DPH fluorescence anisotropy. (E) Cyt C and Filipin 

co-staining for confocal microscopy analyses of Npc1+/+ and Npc1-/- PMH. (F) Staining markers colocalization analysis 

using Image J software. Data are presented as means ± SEM (n>4, P<0.05, Unpaired Student’s t-test (two-tailed)). 

 

 

 

Figure R-28. StARD1 and MLN64 expression in livers of Npc1+/+ and Npc1-/- mice. (A) StARD1 and MLN64 

protein levels in livers of 6-weeks old Npc1+/+ and Npc1-/- mice. (B) Protein expression quantification of (A) 

by ImageJ software. Values are the mean ± SEM of >4 animals per group. P<0.05. Unpaired Student’s t-test 

(two-tailed). 
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3.2. FIBROBLASTS FROM PATIENTS WITH NPC DISEASE EXHIBIT INCREASED mCHOLESTEROL 

LEVELS AND STARD1 EXPRESSION 
 

To validate the relevance of the preceding findings to human disease, we examined mCholesterol 

homeostasis in fibroblasts from patients with NPC disease (Npc1-/-). In line with findings in liver, 

Npc1-/- fibroblasts exhibited increased free cholesterol levels determined by HPLC analysis in 

homogenate and mitochondria compared to fibroblasts from control subjects (Npc1+/+) (Figure R-

29A,B). Furthermore, confocal microscopy analyses of Npc1-/- fibroblasts revealed mCholesterol 

accumulation with respect to Npc1+/+ fibroblasts, as indicated by the colocalization of filipin and 

Cyt C staining (Figure R-29C,D). StARD1 and MLN64 expression also increased in Npc1-/- fibroblasts 

compared to Npc1+/+ fibroblasts (Figure R-29E,F). Thus, these findings confirm the outcome 

observed in liver from Npc1-/- mice and reveal mCholesterol accumulation in human NPC disease. 

 

 

Figure R-29. mCholesterol trafficking and StARD1 expression in human skin fibroblasts from control subjects or 

patients with NPC disease. (A) Homogenate and (B) mCholesterol levels by HPLC analyses. (C) Cyt C and Filipin co-

staining for confocal microscopy analyses. (D) Staining markers colocalization analysis using Image J software. (E) 

StARD1 and MLN64 protein levels in fibroblasts. (F) Protein expression quantification of (E) by ImageJ software. Data 

are presented as means ± SEM (n>5, Unpaired Student’s t-test (two-tailed)). 
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3.3. LIVERS FROM NPC1-/- MICE AND FIBROBLASTS FROM NPC PATIENTS EXHIBIT DECREASED 

ACDASE EXPRESSION WITHOUT EVIDENCE OF ER STRESS 

 

Given the relevance of StARD1 in the trafficking of cholesterol to mitochondrial inner membrane, 

we next examined potential mechanisms involved in the upregulation of StARD1 in NPC disease. 

ER stress has been shown to stimulate the transcriptional upregulation of StARD1 independently 

of SREBP activation (Fernández et al., 2013; Torres et al., 2019), and hence we analyzed the 

expression of ER stress markers in liver from Npc1-/- mice and Npc1-/- fibroblasts from patients 

with NPC disease. Protein levels of ER stress markers BIP, PDI, CHOP, p-EIF2α and s-XBP1 in liver 

fractions from Npc1-/- mice or Npc1-/- fibroblasts from patients with NPC disease were similar to 

those seen in Npc1+/+ mice or control Npc1+/+ fibroblasts (Figure R-30A,B). These findings are in 

line with previous reports indicating that ER stress appears to play a minor role in lysosomal 

storage disorders, including NPC disease (Klein et al., 2011). 

 

 

Figure R-30. ER stress markers protein expression in livers from Npc1-/- mice and fibroblasts from NPC 

patients. (A) ER stress markers protein levels. (B) Protein expression quantification of (A) by ImageJ software. 

Data are presented as means ± SEM (n>3, P<0.05. Unpaired Student’s t-test (two-tailed)). 
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Next, we searched for alternative mechanisms involved in StARD1 regulation. As StARD1 is also 

regulated by steroidogenic factor 1 (SF-1), a member of the nuclear receptor family, and acid 

ceramidase (ACDase) has been shown to repress SF-1 and subsequently StARD1 upregulation 

(Lucki et al., 2012), we next examined ACDase expression in livers from Npc1-/- mice and Npc1-/- 

fibroblasts from patients with NPC disease. Interestingly, the expression of ACDase decreased in 

livers from Npc1-/- mice and Npc1-/- fibroblasts from NPC patients (Figure R-31A,B). These findings 

were confirmed by confocal microscopy analyses of PMH and fibroblasts stained with ACDase 

(Figure R-31C-F). Thus, these data reveal for the first time a potential inverse correlation between 

ACDase and StARD1 expression in NPC disease. 

 

 

Figure R-31. ACDase expression in livers from Npc1-/- mice and fibroblasts from NPC patients. (A) ACDase protein levels. (B) 

Protein expression quantification of (A) by ImageJ software. (C,E) ACDase and Filipin co-staining in Npc1+/+ and Npc1-/- PMH 

and in fibroblasts from control and NPC patients. (D,F) ACDase staining marker quantification of (C,E) by ImageJ software. 

Data are presented as means ± SEM (n>3, P<0.05. Unpaired Student’s t-test (two-tailed)). 
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3.4. THE AMPHIPHILIC CATIONIC STEROL U18666A REPRODUCES THE INVERSE CORRELATION 

BETWEEN STARD1 AND ACDASE IN NPC1+/+ PMH AND FIBROBLASTS 

 

We next further characterized the relationship between StARD1 and ACDase. Since ACDase is a 

lysosomal enzyme, we first addressed whether the decrease in ACDase expression in NPC cells 

could be a consequence of the accumulation of cellular cholesterol. Hence, we used the 

amphiphilic aminosteroid U186661, which antagonizes NPC1 and increases intracellular 

cholesterol accumulation. Confocal imaging analysis of PMH from Npc1+/+ mice stained with Filipin 

and Cyt C revealed that U18666A significantly increased mCholesterol accumulation (Figure R-

32A,B). Similar accumulation of mCholesterol was observed in Npc1+/+ fibroblasts upon U18666A 

treatment (Figure R-32C,D). 

 

 

Figure R-32. Effects of U18666A treatment on liver and human fibroblasts mCholesterol levels. PMH from Npc1+/+ 

mice and fibroblasts from control patients were treated with U18666A 2μg/μl for 16h.  (A) Cyt C and Filipin co-staining 

in NPC+/+ PMH. (B) Staining markers colocalization of analysis of (A) using Image J software. (C) Cyt C and Filipin co-

staining in fibroblasts from control patients. (D) Staining markers colocalization of analysis of (C) using Image J 

software. Values are presented as means ± SEM (n>5, Unpaired Student’s t-test (two-tailed)). 

 

Interestingly, U18666A treatment also significantly increased StARD1 expression in both PMH 

from Npc1+/+ mice and Npc1+/+ fibroblasts (Figure R-33A,B). Similar findings were observed in the 

expression of MNL64 although to a lower extent than that of StARD1 (Figure R-33A,B). Moreover, 
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in line with preceding findings, U18666A treatment decreased the expression of ACDase in PMH 

from Npc1+/+ mice and control Npc1+/+ fibroblasts (Figure R-33A,B). 

 

 

Figure R-33. Effects of U18666A treatment on liver and human fibroblasts StARD1 and ACDase 

expression levels. PMH from Npc1+/+ mice and fibroblasts from control patients were treated with 

U18666A 2μg/μl for 16h.  (A) StARD1, MLN64 and ACDase protein levels. (B) Protein expression 

quantification of (A) by ImageJ software. Data are presented as means ± SEM (n>5, P<0.05. Unpaired 

Student’s t-test (two-tailed)). 

 

3.5. ACDASE OVEREXPRESSION IN FIBROBLASTS FROM NPC PATIENTS PREVENTS STARD1 

UPREGULATION AND mCHOLESTEROL ACCUMULATION WITHOUT ALTERATIONS IN MLN64 

EXPRESSION 

 

To examine the cause-and-effect relationship between the decreased expression of ACDase and 

the induction of StARD1, we analyzed whether ACDase overexpression has a specific impact in the 

regulation of StARD1. For this purpose, Npc-/- fibroblasts from NPC patients were transfected with 

cDNA encoding ACDase (MGC Human ASAH1 Sequence-Verified cDNA Accession: BC016481). 

Compared to transfection with scrambled control green fluorescence protein (GFP) vector, 

ACDase transfection resulted in a 30-fold increase in ACDase expression (Figure R-34A), which 

translated in significantly higher ACDase protein levels (Figure R-34B,C). While this event barely 

affected MLN64 expression, ACDase overexpression markedly downregulated the expression of 

StARD1 in Npc1-/- fibroblasts (Figure R-34B,C). 
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Figure R-34. Effects of ACDase overexpression in fibroblasts from NPC patients on StARD1 levels. 

Fibroblasts from NPC patients were transfected with a sobrexpression ACDase vector or the scrambled 

control-GFP vector. (A) GFP and ACDase mRNA expression levels. (B) StARD1, MLN64 and ACDase protein 

expression levels. (C) Protein expression quantification of (B) by ImageJ software. Data are presented as 

means ± SEM (n>5, P<0.05. Unpaired Student’s t-test (two-tailed)). 

 

 

To determine the impact of ACDase overexpression on the trafficking and accumulation of 

cholesterol in mitochondria, we performed confocal microscopy analyses of Npc1-/- fibroblasts 

transfected with ACDase. Npc1-/- fibroblasts from patients with NPC disease overexpressing 

ACDase exhibited lower mitochondrial free cholesterol levels as indicated by the colocalization of 

filipin with Cyt C staining, compared to scrambled control-GFP transfected fibroblasts (Figure R-

35A,B). These findings indicate that ACDase expression represses StARD1 upregulation and 

decreases mCholesterol accumulation in human NPC disease. 
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Figure R-35. Effects of ACDase overexpression in fibroblasts from NPC patients on mCholesterol levels. Fibroblasts 

from NPC patients were transfected with a sobrexpression ACDase vector or the scrambled control-GFP vector. (A) 

Mitochondria and Filipin co-staining for confocal microscopy analyses. (B) Staining markers colocalization analysis 

using Image J software. Data are presented as means ± SEM (n>5, Unpaired Student’s t-test (two-tailed)). 

 

3.6. ACDASE OVEREXPRESSION IN FIBROBLASTS FROM NPC PATIENTS INCREASES mGSH, 

IMPROVES MITOCHONDRIAL FUNCTION AND PROTECTS AGAINST OXIDATIVE STRESS AND 

CELL DEATH 

 

We next examined the functional impact of ACDase overexpression in fibroblasts from NPC 

patients. Consistent with the ability of ACDase to decrease StARD1 expression and mCholesterol 

accumulation (Figure R34,35), Npc1-/- fibroblasts from patients with NPC transfected with ACDase 

exhibited increased mGSH levels compared to fibroblasts transfected with control GFP vector 

(Figure R-36A). Moreover, ACDase expression increased real-time oxygen consumption rates 

determined by a Seahorse extracellular flux analyzer compared to Npc1-/- fibroblasts from NPC 

patients transfected with control GFP control vector (Figure R-36B), leading to enhanced rates of 

basal respiration, ATP production and maximal respiration (Figure R-36C). Furthermore, ACDase 

transfection also resulted in decreased oxidative stress in response to H2O2 challenge as revealed 

by lower CellROX Deep Red fluorescence compared to Npc1-/- fibroblasts from NPC patients 

transfected with control GFP vector (Figure R-36D). In line with these observations, Npc1-/- 

fibroblasts from NPC patients transfected with control GFP vector were sensitive to H2O2-induced 

oxidative cell death and this outcome was ameliorated by ACDase transfection (Figure R-36E), 

consistent with the replenishment of mGSH levels and attenuation of CellROX Deep Red 

fluorescence. Overall, these findings indicate that expression of ACDase has important functional 

consequences in fibroblasts from NPC patients. 
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Figure R-36. Effects of ACDase overexpression on fibroblasts from NPC patients. Fibroblasts from NPC patients were 

transfected with a sobrexpression ACDase vector or the scrambled control-GFP vector. (A) Mitochondrial GSH levels. 

(B-C) Oxygen consumption rates by Seahorse XF analyzer. (D-E) Fibroblasts ROS production and cell viability after 

treatment with H2O2 1mM for 24h followed by CellROX Deep Red absorbance and MTT assay respectively. Data are 

presented as means ± SEM (N=3, P<0.05, Unpaired Student’s t-test (two-tailed) or Two-way ANOVA test). 

 

On the whole, in this study we have explored new molecular mechanisms of NPC disease involving 

mCholesterol accumulation and its regulation by StARD1. We have observed that livers of Npc1-/- 

mice and fibroblasts from NPC patients present a significant increase in mCholesterol levels and 

StARD1 expression. Interestingly, we have dissociated the induction of StARD1 expression from 

ER stress and established an inverse relationship between ACDase and StARD1 expression. 

Findings with PMH from Npc1+/+ mice and fibroblasts from control patients treated with U18666A 

have also exhibited increased mCholesterol accumulation, StARD1 upregulation and ACDase 

repression. Moreover, transfection of fibroblasts from NPC patients with ACDase have led to 

decreased StARD1 expression and subsequent mCholesterol accumulation, resulting in the 

replenishment of mGSH levels, improvement of mitochondrial functional performance and 

protection against oxidative stress-mediated cell death. 
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Growing focus has been given to mCholesterol homeostasis and regulation over recent years as it 

has become evident that mCholesterol levels are altered in a wide range of pathological 

conditions. Although mCholesterol is essential to fulfil vital physiological functions, such as the 

synthesis of bile acids and steroid hormones, evidence reveals that mCholesterol accumulation 

may be a key step in disease progression. Accumulation of cholesterol in mitochondria has 

emerged as a key player in different liver diseases such as Alcoholic liver disease and Niemann-

Pick Type C disease.  

 

Given the critical structural role of cholesterol in membrane bilayers, it is known that 

mCholesterol enrichment contributes to disease pathogenesis in part through its effects in the 

perturbation of membrane physical properties (Baggetto et al., 1992; Colell et al., 2003; Montero 

et al., 2008; Paradis et al., 2013). This event also causes impaired mGSH import and alterations in 

mitochondrial permeability transition and apoptosis (Barbero-Camps et al., 2014, 2013; Bosch et 

al., 2011; Caballero et al., 2009; Colell et al., 2003; Fernández et al., 2013, 2009a; Llacuna et al., 

2011; Lluis et al., 2003; Marí et al., 2006; Montero et al., 2010, 2008). Despite the great amount 

of studies describing mechanisms of cholesterol-mediated mitochondrial dysfunction, some 

aspects still require further clarification. Several studies have reported consequences of 

mCholesterol enrichment on bioenergetics, however, there is controversy among the scientific 

community as some groups have found decreases in ATP synthesis and mitochondrial respiration 

(Baggetto et al., 1992; Campbell and Chan, 2007; Echegoyen et al., 1993; Yu et al., 2005) while 

others have reported no effects at all (Colell et al., 2003; Dietzen and Davis, 1994). The different 

experimental conditions and the localization of cholesterol in the OMM or in both mitochondrial 

membranes may explain the differences reported, which deserved further consideration. To 

address the impact of mCholesterol accumulation on liver mitochondria functionality, we used 

models specifically involving targeted manipulations of mCholesterol import and content.  

 

The in vivo approach to rapidly increase liver cholesterol levels consisted on feeding mice a 

cholesterol-enriched diet supplemented with sodium cholate, which has been used in other 

studies as it sustains liver cholesterol levels (Domínguez‐Pérez et al., 2019; Marí et al., 2006). 

Findings in this thesis indicate that the presence of sodium cholate in the diet downregulates the 

expression of key enzymes involved in the synthesis of bile acids such as Cyp7a1 and Cyp8b1, 

without effect in the alternate pathway of bile acid synthesis in mitochondria. Thus, sodium 

cholate is an important component of the HC diet since it contributes to the maintenance of 

hepatic free cholesterol levels by preventing the metabolism of dietary cholesterol into bile acids. 
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The in vivo loading of hepatic cholesterol levels by HC feeding also affected the endogenous 

cholesterol synthesis as reflected by the attenuated expression of Srebp2 and Hmgcr.  

 

Focusing on mitochondria, we observed an increased expression of StARD1 and MLN64, which 

play critical roles in the regulation of mitochondrial trafficking (Caron et al., 1997; Elustondo et 

al., 2017; Miller, 2007b). Importantly, mitochondrial fractionation into mitoplasts revealed that 

cholesterol accumulation occurs in both the outer and inner mitochondrial membranes, 

consistent with a concerted action between MLN64 and StARD1, which move cholesterol from 

extramitochondrial sources to the outer mitochondrial membrane and from here to the inner 

mitochondrial membrane, respectively (Caron et al., 1997; Elustondo et al., 2017; Miller, 2007b, 

p. 2). Of relevance, by using fluorescence anisotropy we confirmed the data from previous studies 

reporting increased mitochondrial membrane rigidity upon mCholesterol accumulation (Baggetto 

et al., 1992; Colell et al., 2003; Montero et al., 2008; Paradis et al., 2013). Such changes in the 

membrane physical properties could be linked with the alterations observed in mitochondrial 

morphology. Mitochondria after HC feeding presented abnormal cristae and appeared rounded, 

as observed by a decrease in mitochondrial length. These results were in line with a previous study 

also reporting mitochondrial loss of cristae and rarefied matrix upon HC feeding (Domínguez‐

Pérez et al., 2019). A feature we could not observe was the presence of vesicles lying between the 

inner and outer mitochondrial space as reported by Echegoyen et al. in rat liver mitochondria 

enriched with different amounts of cholesterol (Echegoyen et al., 1993). However, while this 

group performed transmission electron microscopy analysis on isolated mitochondria enriched in 

cholesterol in situ, we and Domínguez-Pérez et al. used preserved hepatic tissue of mice subjected 

to HC diet. Thus, the different experimental conditions could be the key point in the differences 

observed.  

 

Aside from these findings, this thesis reports for the first time the specific role of mCholesterol 

accumulation on oxidative phosphorylation. We show that in vivo cholesterol accumulation 

impairs mitochondrial oxidative phosphorylation, reflected in decreased ADP-stimulated OCR 

from complex I, which translated in decreased RCR and UCR. A potential explanation for these 

results is that cholesterol could be altering either the expression of specific subunits of complex I-

V or their assembly into supercomplexes. It is well established that the vast majority of the 

subunits of the mitochondrial respiratory complexes are encoded by nuclear DNA, which then 

traffic to mitochondria by the presence of intramitochondrial sorting signals to undergo a highly-

regulated mechanism of import and insertion into mitochondrial membranes (Horvath et al., 

2015). Once in the IMM, these subunits can remain as independent entities or associate with each 
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other into supercomplexes (Acín-Pérez et al., 2008; Acín-Perez and Enriquez, 2014). Cholesterol 

could thus be interfering in the gene expression of these subunits or in its aggregation. We 

observed that cholesterol loading does not affect the expression of mitochondrial respiratory 

chain subunits, but it disrupts the assembly of respiratory supercomplexes I1+III2+IV and I1+III2. 

These findings are consistent with the current concept that mitochondrial supercomplexes 

structures are responsible for carrying out cellular respiration (Acín-Pérez et al., 2008; Acín-Perez 

and Enriquez, 2014), as opposed to the long-held view of mitochondrial respiratory complexes as 

independent entities connected by mobile carriers CoQ and cytochrome c. 

 

The effect of mCholesterol in the assembly of the mitochondrial supercomplexes may reflect the 

defects at the mitochondrial membrane level likely due to changes in membrane physical 

properties (Budin et al., 2018; Maranzana et al., 2013). Indeed, reconstitution of complex I and 

complex III in proteoliposomes with different lipid composition revealed that the ratio of 

phospholipid to protein determines the assembly of supercomplex I1+III2 (Maranzana et al., 2013). 

Moreover, studies in bacteria engineered to display increased levels of unsaturated fatty acids 

unraveled that membrane viscosity determined by lipid composition controlled the rate of 

respiration coupled to ADP phosphorylation (Budin et al., 2018). Whether the deleterious effect 

of cholesterol enrichment in mitochondrial function is reversible upon cholesterol extraction or 

membrane fluidization remains to be further investigated. In line with this possibility, Yu et al. 

showed that the defective ATPase function from brain mitochondria from NPC knockout mice, 

which exhibit an increased mCholesterol loading, was restored by cholesterol extraction with 

cyclodextrin (Yu et al., 2005). 

 

While mCholesterol loading in vivo by feeding the HC diet reflects the combined effect of 

cholesterol on established and newly assembled respiratory supercomplexes by membrane 

mediated changes, we decided to also address the direct impact of cholesterol enrichment in the 

already existing respiratory complexes by using isolated mitochondria. In line with this, we 

wondered whether this event involves interactions of cholesterol with bilayer's proteins and/or 

lipids, fact that we tackled by using enantiomer cholesterol, the mirror image of natural 

cholesterol that specifically interacts with lipids but not proteins due to enantioselective 

restriction (Kristiana et al., 2012; Li et al., 2004; Westover and Covey, 2004; Xu et al., 2005). 

Enrichment of liver mitochondria in enantiomer cholesterol resulted in decreased complex I-

driven state 3/state 3u respiration, suggesting that cholesterol-lipid interactions in mitochondrial 

membranes accounts for the impaired ADP-stimulated OCR driven by complex I. Intriguingly, in 

vitro cholesterol loading also increased complex I-driven state 4o respiration, an outcome not 
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observed with the in vivo mCholesterol loading by HC feeding. Whether cholesterol-lipid 

interactions is a predominant effect over the interaction of cholesterol with proteins to account 

for the decreased complex I-driven state 3/3u respiration remains to be further investigated. 

Another differential feature of our findings with the in vivo model with respect to the in situ 

mCholesterol enrichment is that the latest did not affect complex II-driven OCR. This differential 

effect suggests that the impact of cholesterol in impairing complex II-mediated OCR reflects the 

effects of cholesterol in the assembly of respiratory supercomplexes rather than a direct effect of 

the changes in membrane physical properties. A caveat from the in vivo enrichment of 

mitochondria in cholesterol on mitochondrial respiration by feeding a HC enriched diet is whether 

the effects truly reflect the actions of cholesterol per se or are determined by cholesterol-derived 

metabolites. As cholesterol is the precursor of bile acids, it is conceivable that part of the observed 

effects of cholesterol enrichment in mitochondrial performance could be mediated by the action 

of bile acids generated from dietary cholesterol. This potential contribution, however, seems 

unlikely in light of the fact that the presence of sodium cholate in the HC-enriched diet impaired 

the classical pathway of bile acid synthesis due to decreased the expression of cyp7a1 and cyp8b1, 

consistent with the lack of increased bile acid pool from HC-fed mice. 

 

As one of the reported consequences of the disruption of the association between complex I and 

complex III and the impaired assembly of subsequent supercomplexes I1+III2+IV and I1+III2 is the 

enhanced generation of superoxide anion (Maranzana et al., 2013), we analyzed the impact of 

mCholesterol enrichment in oxidative stress and liver injury. HC feeding caused increased ROS 

formation, mitochondrial ROS generation and mGSH depletion that was accompanied by steatosis 

and liver injury. Considering these findings, we decided to explore the potential impact of mGSH 

restoration upon mitochondrial performance and liver function. While glutathione is not 

effectively transported into cells, the ethyl ester of glutathione known as GSHee, in which the 

carboxyl group of the glycine residue is esterified, can easily penetrate cells and reach 

mitochondria. Once inside, it undergoes hydrolysis by intracellular esterases overall releasing 

GSH. This compound has been found to protect cells against a wide range of damages such as 

radiation and oxidants (Wellner et al., 1984), and it has also been found to rescue mitochondrial 

defects in cystic fibrosis and NPC disease animal models (Kelly-Aubert et al., 2011; Torres et al., 

2017b). Findings in these thesis showed that GSHee treatment in HC-fed mice recovered both 

total and mGSH levels at the same time that reduced mitochondrial ROS production, oxidative 

stress and liver injury. Interestingly, the effect of mGSH restoration by GSHee also translated in 

replenishing mitochondrial respiration and RCR, in line with previous findings in cerebellar 

mitochondrial function in NPC disease (Torres et al., 2017b). Restoration of mGSH levels by GSHee 
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rescued the content of complex III2, although it failed to normalize the assembly of 

supercomplexes I+III2+IV and I+III2, which likely reflects the effect of remaining cholesterol-

mediated effect on membrane dynamics that are not reversed by mGSH restoration. However, 

quite intriguingly, the restoration of complex III2 by GSHee seems to compensate the function of 

mitochondrial respiration. Further work will be required to determine the mechanisms whereby 

mGSH depletion by mCholesterol loading impact the redox-dependent assembly of 

supercomplexes and whether the reversible loss of complex III2 by cholesterol is redox dependent 

in view of its restoration by mGSH with GSHee. 

 

All together these findings reveal that mCholesterol accumulation disrupts mitochondrial 

functional performance and the organization of respiratory supercomplexes assembly, which 

contributes to oxidative stress and liver injury (Figure D-1). 

 

 

Figure D-1. Schematic representation of the new findings on cholesterol-induced 

mitochondrial and liver damage. 

 

mCholesterol accumulation has been shown to play a key role in alcoholic liver injury. ALD 

presents as a broad spectrum of disorders, ranging from simple fatty liver to more severe forms 

of liver injury, including cirrhosis. Hepatocellular injury in ALD is mainly found in the PV zone in 

line with the pericentral zonation of fatty acid synthesis and alcohol metabolism pathways. To 

date, most information on the role of zonation in ALD have revealed that this disease progresses 

from PV areas to the PP zones by a gradual accumulation of lipid droplets and a different zonal 

expression of ADH and CYP2E1 (Chalasani et al., 2008; Jauhonen et al., 1982; Keegan et al., 1995; 
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MacSween and Burt, 1986; Nakano et al., 1982). However, an important and still not completely 

resolved issue is why ALD originates and occurs in the PV zone. Although the zonated expression 

of CYP2E1 seems to play a key role in the zonal progression of ALD, other mechanisms may be 

involved. As described in this thesis introduction, there is a great amount of studies that have 

characterized many molecular mechanisms of alcohol-induced liver injury such as abnormal 

methionine metabolism, impaired antioxidant defense and mitochondrial dysfunction. However, 

to the best of our knowledge the majority of these studies have described ALD related molecular 

mechanisms without taking liver heterogeneity into account. Not focusing on specific liver areas 

when studying ALD can completely obscure existing differences in the organ and may be a 

limitation for increasing the disease knowledge. Extending previous work describing specific 

mGSH depletion in PV hepatocytes after chronic alcohol feeding (García-Ruiz et al., 1994), in this 

thesis we have described the hepatic zonal effects of alcohol-induced StARD1 and its regulation 

of mCholesterol levels. 

 

To study liver zonation in ALD we used the Lieber-De Carli Liquid diet model and we combined 

histological techniques with specific isolation of murine PV and PP hepatocytes. Despite being 

technically challenging, the separation of PV and PP hepatocytes by liver perfusion was highly 

efficient leading to enriched and intact PP and PV subfractions. The markers used to check the 

quality of hepatocytes separation were decided upon their abundance in the different hepatic 

areas and the previous work by others in the field (Ben-Moshe and Itzkovitz, 2019; Braeuning et 

al., 2006). Hepatic zonation was also studied through transmission electron microscopy. Following 

a similar approach to Elsayed and colleagues (Elsayed et al., 2019), we developed a methodology 

that allowed us to distinguish between PP and PV hepatocytes in the electron microscope and to 

analyze the structural effects of alcohol consumption on both hepatocytes populations. 

 

Our findings revealed that StARD1 is upregulated in liver tissue upon alcohol feeding and that its 

expression is mainly increased in PV areas. Interestingly, we showed that alcohol is not the only 

factor that increases PV StARD1 expression as low levels of oxygen, a typical feature of the PV 

zone, also trigger StARD1 upregulation. Hypoxia has been long studied in ALD as ethanol 

elimination depends on the rate of oxygen utilization by the liver (French, 2004; Morris and 

Yeligar, 2018). Among the different hypoxia models cobalt chloride (CoCl2) is one of the most 

commonly used. This compound chemically stabilizes hypoxia inducible factors 1α and 2α under 

normoxic conditions and overcomes the limitation of many researchers in accessing to a hypoxia 

chamber or a CO2 incubator with regulated oxygen levels (Muñoz-Sánchez and Chánez-Cárdenas, 
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2019). In this thesis we show for the first time the synergic effect of alcohol and hypoxia on the 

upregulation of StARD1. 

 

In line with the preceding findings, we observed that alcohol consumption increases both total 

and mCholesterol levels specifically in PV hepatocytes. StARD1 is thus presented as the master 

regulator of mCholesterol accumulation in ALD as we did not observe MLN64 upregulation upon 

alcohol consumption. It is important to mention that cholesterol analysis in the whole liver tissue 

unmasked the differences between PV and PP areas and that we had to develop a quantification 

method by ImageJ to measure cholesterol in different hepatic areas separately. This limitation 

highlights the importance of taking liver zonation into account when studying ALD.  

 

As previously reported and also shown in this thesis with the in vivo HC feeding model, 

mCholesterol accumulation results in oxidative stress and mGSH depletion. Thus, we determined 

the effects of alcohol consumption on such parameters in PV and PP hepatocytes separately. PV 

hepatocytes, in contrast to PP population, presented a bigger drop in total and mGSH levels 

despite their effort in increasing the expression of the mGSH transporter DIC. This specific GSH 

decrease in PV hepatocytes correlated with increased lipid peroxidation and ROS generation in 

the same hepatocytes population and, overall, it resulted in liver injury. Interestingly, the drop in 

GSH content was bigger in PV hepatocytes as this population presented higher total and mGSH 

levels in basal conditions compared to PP fraction. These findings notably contrast with previous 

observations reporting higher glutathione peroxidase and GSH levels in the PP zone (Harisch and 

Meyer, 1985; Smith et al., 1979). These contradictory results may be explained by the different 

techniques and models used for studying hepatocyte heterogeneity as conclusions drawn from 

the different zonal hepatic studies largely depend on the methodology used. Harisch et al. studied 

GSH distribution in the liver lobule of rats by using histochemical techniques, a similar approach 

used by Smith and colleagues. In our case, we specifically analyzed GSH levels in fractionated PP 

and PV hepatocytes from mice. These differences regarding the basal levels of GSH along the 

hepatic acinus should be further investigated. In any event, our findings support previous 

evidence reporting the PV area as the most affected one by alcohol intake and reveal for the first 

time an upregulation of StARD1 and mCholesterol levels by alcohol consumption specifically in PV 

hepatocytes. 

 

In view of the preceding findings, we studied the impact of StARD1 deletion on alcohol-induced 

liver injury. We used liver-specific StARD1-deficient mice as they do not express StARD1 in 

hepatocytes. The absence of StARD1 expression in this animal model has been shown to protect 

against acetaminophen hepatotoxicity elicited by valproic acid or fasting in mice (Torres et al., 
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2019). In our case, knocking-out StARD1 protected alcohol-fed mice from mCholesterol increase, 

GSH reduction and increased oxidative stress in PV area. StARD1 deletion also protected mice 

from alcohol-induced elevation of serum levels of AST. Overall, our study defines a previously 

unrecognized role of StARD1 in ALD disease as the deletion of StARD1 protects from alcohol-

induced mCholesterol accumulation and its detrimental effects. Most importantly, these events 

take place specifically in the PV area and may account for the pericentral hepatocellular injury 

observed in ALD. 

 

Findings in this thesis clearly indicate that taking liver zonation into account is highly important 

when studying ALD. To further investigate the effects of alcohol consumption along the hepatic 

acinus, we conducted transmission electron microscopy analysis in PV and PP hepatocytes 

separately. In the past decades, interesting studies have been made to analyze the structural 

changes in hepatocytes by alcohol consumption. However, as far as we are aware, any of these 

studies have taken liver zonation into consideration. We observed significant differences between 

PP and PV areas in glycogen and lipid droplet content as well as mitochondrial morphology.  

 

Decreased glycogen levels after alcohol intake have already been reported, which could be 

explained by either a decreased rate of glycogen synthesis or an increased rate of breakdown. 

Winston and Reitz conducted several studies on the effects of ethanol on glycogenolysis and 

concluded that increased glycogen breakdown did not occur and could not account for lowered 

glycogen levels (Winston and Reitz, 1984, 1981, 1980). Regarding to glycogenesis, Van horn et al. 

reported alterations in glucose transport and glycogen synthase activity after alcohol 

consumption, which may contribute to the lowered glycogen levels (Van Horn et al., 2001). 

Whether this decrease in glycogen synthesis is enough to account for the magnitude of the 

decreases in glycogen levels observed remains to be determined. In any event, glycogen 

metabolism seems to be closely linked to alcohol-induced liver injury as the stimulation of 

glycogenesis in alcohol-fed mice reversed glycogen levels decrease and abrogated alcohol-

induced liver injury as well as hepatic lipid deposition (Gu et al., 2015). Although we also observed 

a decrease in glycogen content in both PP and PV areas, the major decrease was found in PV 

hepatocytes. Whether the differences in glucose and glycogen metabolism between these two 

areas are responsible for these observations remains to be further investigated. Focusing on lipid 

metabolism, ALD is characterized by the accumulation of lipid droplets in the cytosol of 

hepatocytes, a distinguishing characteristic of steatosis (Crabb and Liangpunsakul, 2006; 

Groebner et al., 2019, 2019; McNiven and Casey, 2011; Nakajima et al., 2004; Ohashi et al., 2018; 

You et al., 2008). We examined lipid droplet content in PV and PP hepatocytes from our ethanol-
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fed mice and we found that ethanol dramatically increased lipid droplet numbers in both areas. 

Interestingly, lipid droplets from PP area were highly different in sizes while in PV hepatocytes 

they were mainly small. The mobilization and storage of hepatic lipids is a highly complex and 

regulated mechanism that is affected by physiological, hormonal and nutrient signals. As with 

glycogen, the differential metabolic gene expression and functionality between PP and PV 

hepatocytes as well as the signals they are subjected to could explain the differences observed in 

lipid droplets sizes. 

 

Mitochondrial morphology is also another aspect highly studied in ALD as mitochondria are known 

to be challenged by alcohol consumption. Different studies have reported the appearance of 

misshapen and enlarged mitochondria (megamitochondria) upon alcohol consumption (Bruguera 

et al., 1977; Chedid et al., 1986; Das et al., 2012; Han et al., 2012). We observed such changes in 

PP hepatocytes with the largest mitochondria surrounding lipid droplets. However, alcohol in PV 

areas did not trigger mitochondria enlargement but a dramatic change in their shape. The same 

structures we observed in PV hepatocytes after alcohol intake have been previously observed as 

a consequence of mitochondrial membrane potential loss. Miyazono et al. reported that CCCP 

administration induces a mitochondrial structural transformation into distinct U-, C-, and ring-

shaped mitochondria (the latest also called doughnut mitochondria) (Miyazono et al., 2018). 

These mitochondrial spheroid formation has also been reported to occur in the murine liver by 

acetaminophen overdose (Ding et al., 2012). These two models share with ours the presence of a 

severe oxidative mitochondrial stress. Thus, alcohol consumption could be triggering 

mitochondrial structural collapse in PV hepatocytes through the increase oxidative stress 

observed in this population.  

 

In summary these data reveal a preferential damage after alcohol consumption in liver zone 3 or 

perivenous, inducing structural changes in mitochondria from PV area, which may account for the 

prevailing injury seen in this area in ALD (Figure D-2). Basal differences in PP and PV areas should 

be thus taken in consideration when approaching ALD studies. 
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Figure D-2. Diagram depicting the new findings of this thesis on alcohol-induced mitochondrial and liver damage. 

 

Niemann-Pick Type C disease is another pathology also characterized by a defect in intracellular 

trafficking of cholesterol. While the accumulation of cholesterol in lysosomes is a primary event 

in NPC disease and believed to promote disease progression, the disturbance of intracellular 

cholesterol trafficking is more extensive and affects other intracellular organelles. The trafficking 

of mCholesterol in NPC disease is not well understood and may involve different intracellular 

sources and different molecular players. MLN64 overexpression has been shown to increase 

mCholesterol levels in NPC cells (Balboa et al., 2017). However, targeted mutation of the MLN64 

STAR domain results in modest alterations in cellular sterol metabolism (Kishida et al., 2004). 

Another potential key molecule involved in NPC is StARD1. Although this protein is key in the 

intramitochondrial trafficking of cholesterol, the regulation of StARD1 in NPC disease has not been 

explored yet. In this thesis we have further characterized the accumulation of cholesterol in 

mitochondria and provided evidence for a previously unrecognized inverse relationship between 

ACDase and StARD1. 

 

Previous work have revealed that mCholesterol accumulation and subsequent impairment of 

mitochondrial function and GSH depletion contribute to NPC disease. Following on the role of 

mGSH depletion in NPC disease (Torres et al., 2017b), we analyzed mCholesterol levels using in 

vivo and in vitro models of NPC disease: 1) livers from NPC1-/- mice, 2) fibroblasts from NPC 
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patients, and 3) in vitro treatment of healthy primary mouse hepatocytes and fibroblasts with 

U18666A, a compound that promotes the accumulation of intracellular cholesterol mimicking NPC 

disease (Cenedella, 2009; Lu et al., 2015). We showed increased mCholesterol levels in the three 

NPC models and its correlation with increased mitochondrial membrane rigidity specifically in 

livers from NPC1-/- mice. These data also correlated with increased expression of MLN64 and 

StARD1. Although forced MLN64 overexpression results in mCholesterol accumulation (Balboa et 

al., 2017), global deletion of StARD1 in mice results in lethal congenital lipoid hyperplasia (Caron 

et al., 1997), arguing that in the absence of StARD1 other members of the family cannot 

compensate for the trafficking of cholesterol to mitochondrial inner membrane for metabolism 

and generation of steroid hormones. Thus, while the mechanism involved in the trafficking of 

cholesterol to the mitochondrial inner membrane, which is the rate-limiting step in 

steroidogenesis, is not fully characterized likely involving a coordinated action among STAR family 

members, StARD1 plays a crucial role in this event and hence understanding the regulation of 

StARD1 in NPC disease may be of relevance to prevent mitochondrial dysfunction and mGSH 

depletion (Torres et al., 2017b). 

 

ER stress has been shown to stimulate the transcriptional upregulation of StARD1 independently 

of SREBP activation (Fernández et al., 2013; Torres et al., 2019). However, we confirmed that the 

onset of ER stress is not a characteristic feature of NPC disease (Klein et al., 2011; Platt et al., 

2012), and hence we searched for alternative mechanisms involved in StARD1 uregulation. 

Another potential mechanism involved in StARD1 regulation is through ACDase, a lysosomal 

enzyme responsible for the degradation of ceramide into sphingosine and free fatty acids that 

regulates sphingomyelin homeostasis. Built on previous findings in adrenocortical cells showing 

that ACDase antagonizes SF-1 and represses target genes, including StARD1 (Lucki et al., 2012), 

we showed that the increased expression of StARD1 correlates with lower levels of ACDase in liver 

from Npc1-/- mice and in fibroblast from NPC patients. Importantly, we also showed that increased 

intracellular cholesterol induced by U18666A reproduces the outcome seen in Npc1-/- mice in 

regards to the inverse relationship between ACDase and StARD1 expression. Although further 

work will be required to understand the basis for the ACDase repression in NPC disease, it is 

conceivable that cholesterol accumulation in lysosomes may affect membrane physical 

properties, secondarily modulating ACDase expression. Whether fluidization of lysosomes 

reverses the ACDase repression in NPC disease remains to be established. 

 

An interesting point that deserves further consideration is the relationship between the basal 

levels of ACDase and its enzymatic product sphingosine in NPC disease. Sphingosine is one of the 
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glycosphingolipids whose levels have been shown to be increased in NPC disease (Lloyd-Evans et 

al., 2008; Torres et al., 2017b). As ACDase catalyzes the deacylation of ceramide to sphingosine, 

its lower expression would not account of the observed higher sphingosine levels in NPC disease. 

How can it be that sphingosine levels increased despite lower ACDase expression? Although the 

status of other CDases in NPC disease remains to be investigated, recent findings have reported 

lower expression of sphingosine kinase 1 in NPC disease (Newton et al., 2020). As sphingosine is 

the substrate of sphingosine kinase 1, its downregulation may contribute to the higher levels of 

sphingosine in NPC disease. 

 

To further establish a specific relationship between ACDase with StARD1 expression but not 

MLN64 regulation, we overexpressed ACDase in fibroblasts from patients with NPC. This 

approach, which increased ACDase levels, resulted in decreased mCholesterol levels and 

downregulation of StARD1 with minimal effect in MLN64 expression, thus dissociating ACDase 

from MLN64 regulation. Of interest, while our findings suggest that StARD1 upregulation 

contributes to mCholesterol accumulation, this event could be an additional consequence of 

impaired mCholesterol metabolism. For instance, consistent with this possibility, reduced levels 

of CYP450scc (also known as CYP11A1) have been described in cerebellum of Npc1-/- mice, 

reflecting the disruption in neurosteroidogenesis and decreased levels of pregnenolone, the first 

steroid produced from mCholesterol, in brain of Npc1-/- mice (Griffin et al., 2004). ACDase 

overexpression in fibroblasts from NPC patients also translated in improved mitochondrial 

performance with higher basal respiration, ATP production and maximal respiration and 

protection against oxidative stress-mediated cell death. These relevant in vitro findings reveal the 

potential effect of ACDase overexpression in ameliorating mitochondrial dysfunction in NPC 

disease and will need to be further characterized in vivo by using NPC animal models. 

 

Overall, the present study has examined the molecular players that contribute to the 

mCholesterol accumulation in NPC disease, and revealed a key link between ACDase and StARD1 

in this event (Figure D-3). Given the relevance of mCholesterol accumulation in NPC disease 

progression through mGSH depletion (Torres et al., 2017b), these findings may provide novel 

opportunities for treatment to prevent mCholesterol loading and its known consequences on 

mitochondrial function and antioxidant defense, which are of potential relevance in NPC disease. 
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Figure D-3. Schematic illustration of the putative mechanisms of mCholesterol accumulation in 

NPC disease based on the present thesis findings. 

 

In summary, although the trigger and etiology of NPC disease and ALD are certainly different, we 

have observed that they share a common pathological mechanism that involves mCholesterol and 

StARD1. Specifically, StARD1 is induced in both diseases, which triggers mCholesterol enrichment 

and mGSH depletion. These alterations are responsible for the observed mitochondrial 

dysfunction and oxidative stress that underlie the phenotype of both diseases and could be 

explored for development of potential therapeutics for these pathologies. 
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STUDY I. CHOLESTEROL ENRICHMENT IN LIVER MITOCHONDRIA ALTERS MITOCHONDRIAL 

MORPHOLOGY, IMPAIRS OXIDATIVE PHOSPHORYLATION AND DISRUPTS THE ASSEMBLY OF 

RESPIRATORY SUPERCOMPLEXES. 

 

­ Mitochondrial cholesterol accumulation perturbs mitochondrial membrane physical 

properties and morphology. 

­ Hepatic mitochondrial cholesterol enrichment impairs oxidative phosphorylation. 

­ Cholesterol loading in liver mitochondria disrupts the assembly of mitochondrial respiratory 

supercomplexes. 

­ In vivo mitochondrial cholesterol accumulation induces liver injury, which is prevented by GSH 

ethyl ester administration. 

 

STUDY II. HEPATOCYTE-SPECIFIC STARD1 ABLATION PROTECTS FROM LIVER DAMAGE IN 

ALCOHOLIC LIVER DISEASE BY PREVENTING INCREASED MITOCHONDRIAL CHOLESTEROL AND 

OXIDATIVE STRESS PARTICULARY IN HEPATIC PERIVENOUS AREA 
 

­ Alcohol intake preferentially induces StARD1 in hepatic perivenous areas in contrast to 

periportal zones. 

­ Alcohol consumption predominantly triggers mitochondrial cholesterol levels increase and 

consequent oxidative stress in perivenous hepatocytes. 

­ Consumption of alcohol alters morphology of mitochondria from perivenous areas. 

­ Liver-specific StARD1 ablation protects from alcohol-induced mitochondrial cholesterol 

accumulation and oxidative stress overall preventing liver damage. 

 

STUDY III. ACID CERAMIDASE IMPROVES MITOCHONDRIAL FUNCTION IN NIEMANN-PICK TYPE 

C DISEASE BY REPRESSING STARD1-DEPENDENT MITOCHONDRIAL CHOLESTEROL 

ACCUMULATION 

 

­ Cholesterol accumulates in liver mitochondria from Npc1-/- mice and in fibroblasts from NPC 

patients. 

­ Livers of Npc1-/- mice and fibroblasts from NPC patients exhibit increased StARD1 expression. 

­ Healthy primary mouse hepatocytes and fibroblasts treated with U18666A also exhibit 

increased mitochondrial cholesterol and StARD1 levels. 

­ Decreased expression of ACDase is found in livers of Npc1-/- mice, in fibroblasts from NPC 

patients and in healthy primary mouse hepatocytes and fibroblasts treated with U18666A. 

­ ACDase overexpression represses StARD1 expression, mitochondrial cholesterol 

accumulation and improves mitochondrial function and oxidative stress in fibroblasts from 

NPC patients.  
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