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Abstract 

 

The World Health Organization (WHO) ranks chronic inflammatory diseases as the 

greatest threat to human health, and their prevalence is estimated to increase 

constantly for the next 30 years. Nowadays, around 60% of the world’s population dies 

from chronic inflammatory conditions, such as chronic respiratory diseases, obesity, 

fatty liver disease and cancer. All of these pathologies are associated with alterations in 

sphingolipid metabolism. Thus, understanding the mechanisms responsible for the 

establishment and evolution of those diseases may be useful for developing novel 

strategies to control their development and progression. In this thesis, we demonstrate 

that ROCK1 is a key regulatory enzyme necessary for cigarette smoke extract (CSE)-

induced monocyte chemoattractant protein-1 (MCP-1) release in lung epithelial cells, 

and that AKT2 and the Ceramide Kinase (CerK)/ ceramide 1-phosphate (C1P) axis elicit 

opposite effects; this points to an anti-inflammatory role of C1P in the lungs. Also, this 

work provides evidence suggesting that adipogenesis is associated with an increase in 

phosphatidylethanolamine N-methyltransferase-2 (PEMT-2) protein expression, whose 

depletion leads to impaired adipocyte differentiation, as can be deduced from the 

observed decrease of adipogenic markers expression, and reduced lipid droplet 

formation, triglyceride (TG) content and leptin release. It is also demonstrated in this 

thesis that inhibition of adipocyte differentiation by exogenous C1P occurs through 

modulation of PEMT expression. Additionally, an abnormal sphingolipid metabolism in 

Pemt-/- mice fed a HFD, with elevation of ceramides, sphingomyelin, sphinganine, 

sphingosine, 1-deoxyceramides, and C26:1 C1P, as well as higher expression of mRNAs 

for acid ceramidase (Asah1) and ceramide kinase (CerK) has been observed. 

Interestingly, treatment with vitamin E (0.5 g/kg) for 3 weeks improved VLDL-TG 

secretion and normalized cholesterol metabolism, although it failed to reduce hepatic 

TG content. Vitamin E treatment also reduced hepatic oxidative stress, inflammation 

and fibrosis, and restored Asah1 and CerK mRNA and sphingolipid levels, suggesting 

that vitamin E treatment can efficiently prevent the progression from simple steatosis 

to steatohepatitis in mice lacking PEMT, and that sphingolipid metabolites and Asah1 

and CerK may be important factors in this action.  
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Introduction 

 

1. Cell homeostasis 

When all forces in a system are balanced to the point where no change occur the 

system is said to be in a state of static equilibrium. This fully obeys the laws of 

thermodynamics, which establish that all systems in the universe tend imperatively to 

increase their equilibrium, or absolute stability. In contrast to stable systems that are in 

thermodynamic equilibrium, systems that are far from equilibrium are inherently 

unstable.  

Living organisms are open systems that are never at equilibrium until they die, so 

the understanding of death is the absolute stability. Living organisms create internal 

organization thanks to a continuous flow of energy known as dynamic equilibrium or 

steady state. This dynamic equilibrium is actively regulated by living systems in order to 

avoid being affected by external changes. The difference between a living and a non-

living organism is the ability to regulate its internal environment. This active regulation 

is also known as homeostasis. Homeostasis is the condition of dynamic equilibrium 

between at least two system variables, and it is an indispensable ability for the 

continuance of life. The capacity of maintaining the internal organization and 

characteristics despite the always-varying external environment is what discerns life 

from death.  

Living organisms must be able to detect internal or external changes and activate 

the control mechanisms by which they can restore homeostasis. Strictly regulated and 

highly complex cellular signaling processes make homeostasis possible. Alterations in 

any of these processes lead to metabolic dysfunctions and health disorders as a result 

of homeostatic imbalance or an inability of the body to restore a functional and stable 

internal environment [1, 2].  

In multicellular organisms, the immune system is a key factor for controlling tissue 

and cell homeostasis.  
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2. The immune system  

Inflammation is one of the best-known pathophysiological processes and 

represents a well-conserved mechanism evolved by vertebrates as an adaptive and 

defensive response to tissue injury and invasion of microorganisms that might attempt 

to colonize the host. The immune reaction comprises a series of events triggered in 

response to recognition of pathogens or tissue damage, involving cells and soluble 

mediators, such as cytokines, of the innate and adaptive immune system. The main 

purpose of this inflammatory response is to remove the foreign agent disturbing tissue 

homeostasis. In the normal physiological context, after tissue repair or pathogen 

elimination, inflammation is resolved and the homeostatic state is recovered.  

All cells of the immune system originate from hematopoietic stem cell in the bone 

marrow, which gives rise to two major lineages: a myeloid progenitor cell and a 

lymphoid progenitor cell. These two progenitors give rise to the myeloid cells 

(megakaryocytes, monocytes, macrophages, granulocytes and dendritic cells) and 

lymphoid cells (T and B-lymphocytes and natural killer (NK) cells), respectively. These 

cells conform the cellular components of the innate (non-specific) and adaptive 

(specific) immune systems.  

Figure 1: Normal human hematopoietic process. 
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2.1. The innate immune system 

The innate immune system is a general defense against pathogens or damage 

stimuli that acts in a non-specific way. The elements of the innate immune system 

include the skin and mucous membranes in the body openings that act as anatomical 

barriers, secreted molecules that can be found in the blood and in body fluids, and 

cellular components, mainly leukocytes. Production of chemokines, activation of the 

complement cascade and activation of adaptive immune cells by antigen presentation 

are the most important functions of innate immune system.  

When, despite body barriers, pathogens make it pass the skin or mucous 

membranes and enter the body, the second line of defense comes into action. 

Inflammatory cells move to the site of infection and are activated. Soluble protein 

substances are activated too and help to protect the organism. This leads to an 

inflammatory reaction that promotes swelling and heat. If bacteria or viruses manage 

to enter the body, macrophages and granulocytes enclose and digest them in their 

interior.  

The natural killer cells are the third important part of the innate immune system. 

These cells are specialized in detecting virus-infected or tumorous cells by looking for 

changes in their cell surface and dissolving them using cytotoxins.  

2.2. The adaptive immune system 

When the innate immune system is unsuccessful in destroying the pathogens, the 

adaptive immune response sets in. Adaptive immune system is composed of 

specialized cells and mechanisms able to recognize and eliminate pathogens 

efficiently. Even though it takes longer than the innate response, adaptive immune 

response targets the pathogen more accurately and specifically, and it is able to create 

memory cells for each eliminated pathogen so that a second exposure to the same 

antigen will originate a faster, stronger and more efficient response.  

Adaptive immune system has several parts that react in different ways, depending 

on the site of the organism where the infection occurs. The parts of adaptive defense 

include T-lymphocytes, B-lymphocytes, antibodies and soluble proteins in the blood, 

and cytokines. Lymphocytes are the central core of all immune responses. They 

originate from stem cells in the bone marrow and mature either in the bone marrow (B-

lymphocytes) or in the thymus (T-lymphocytes). B-lymphocytes will develop to form 
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plasmatic cells and are responsible for the production of specific antibodies. T-

lymphocytes will then give rise to two different populations: cytotoxic lymphocytes, 

responsible for cell-mediated immune responses, and helper T-lymphocytes, which 

regulate the immune system, governing the quality and strength of all immune 

responses.  

3. Chronic inflammation 

Overall, a normal acute inflammatory response begins with the production of 

chemical agents by cells in the infected, injured or diseased tissue. These agents will 

cause redness, swelling, heat and loss of function. Inflamed tissues will then create 

additional signals that recruit leukocytes to the site of inflammation, which will destroy 

any infective or injurious agent, and will remove cellular debris from damaged tissue. 

Acute inflammation is active for a short period of few days. In first instance, 

inflammation is a beneficial process, serving to immobilize the area of injury as the rest 

of the immune system mobilizes to heal. However, regardless of the underlying 

initiating cause, when an infectious or assaulting agent is inadequately cleared and 

persists in tissue, or inflammation is not properly extinguished due to impaired 

resolution and a tissue is subjected to ingoing damage, it turns into chronic 

inflammation, resulting in aberrant tissue remodeling and organ dysfunction [3]. In 

chronic inflammation, the inflammation becomes the problem rather than the solution 

to infection, injury or disease. Chronically inflamed tissues continue to generate signals 

that attract leukocytes from the bloodstream. When leukocytes migrate from the 

bloodstream into the tissue, they amplify the inflammatory response, and this chronic 

inflammatory response can break down healthy tissue in a misdirected attempt at 

repair and healing. 

Chronic inflammatory diseases are the most significant cause of death in the world. 

The World Health Organization (WHO) ranks chronic diseases as the greatest threat to 

human health. The prevalence of diseases associated with chronic inflammation is 

estimated to increase constantly for the next 30 years. In fact, worldwide, 3 out of 5 

people die due to chronic inflammatory diseases such as neurological disorders, 

including Parkinson’s or Alzheimer’s diseases, inflammatory bowel disease, rheumatoid 

arthritis, atherosclerosis, obesity, type II diabetes, chronic obstructive pulmonary 

disease, asthma, or cancer [4-6].  
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Endogenous lipids are possibly the most important mediators not only to be 

implicated in all phases of inflammation, but also to be involved in the regulation of its 

course and ending. Indeed, many lipids besides being major constituents of cell 

membranes and very efficient sources of energy, can also act as key physiological 

mediators of several intercellular and intracellular processes. Thus, during the past two 

decades, they have been termed ‘bioactive lipids’ due to their pivotal role in immune 

regulation, inflammation and maintenance of tissue homeostasis. Thus, it seems that 

bioactive lipids are largely involved in managing inflammation, acting as either 

activators or repressors of the inflammatory response.  

4. Sphingolipids 

Discovered in 1884, sphingolipids were described as enigmatic compounds just like 

the Greek sphinx, as neurochemist J.L.W Thudichum thought. Most of them were first 

discovered in the brain, thus giving rise to names such as sphingomyelin and 

cerebrosides. Now we know that sphingolipids are ubiquitous in eukaryotic cells as 

fundamental components of the cell membranes [7]. Research from late 1980’s and 

1990’s provided unequivocal evidence that sphingolipids, besides having an structural 

role, also function as vital signaling molecules [8]. Sphingolipids are defined by the 

presence of a backbone called sphingoid base, a long chain amino alcohol (Fig. 2). They 

are long-chain aliphatic amines, containing two or three hydroxyl groups, and often a 

distinctive trans-double bond in position 4. The most regular type of sphingolipid bases 

in animal tissues and humans are sphingosines (Sph) and its saturated analogue 

dihydrosphingosine (dhSph) or sphinganine (Spa). There are some patterns that define 

the association between specific components of these sphingoid bases, but the 

potential number of combinations gives an idea of the complexity that these lipids can 

reach [9].  
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Figure 2: Structure of four different sphingoid bases. Taken from AOCS Lipid Library. 

4.1. Metabolism of sphingolipids 

The central core of sphingolipid metabolism is ceramide (Cer). Despite being 

essential in cell membrane architecture, it also plays a fundamental role as signaling 

molecule in different processes such as proliferation, differentiation, adhesion, 

migration or apoptosis. Ceramides are composed of a sphingosine backbone with a 

fatty acid residue usually ranging from 16 to 24 carbons in length, and thus, they can be 

classified according to the length of the fatty acid residue and the number of 

unsaturations [10]. Besides, each organism or tissue can synthesize different ceramide 

species.   

Ceramides can be synthesized by four different pathways involving different cell 

compartments: the de novo synthesis pathway, the sphingomyelinase (SMase) 

pathway, the salvage pathway, and the neutral ceramidase pathway.  

a) The de novo synthesis pathway:  

This anabolic pathway takes place in the endoplasmic reticulum (ER) [11] and 

begins with the condensation of serine and pamitoyl-CoA to form 3-ketosphinganine in 

a reaction catalyzed by serine palmitoyltransferase (SPT), the rate limiting enzyme of 

this pathway. This reaction is followed by a rapid reduction to form sphinganine, 

through the action of 3-ketosphingosine reductase. Upon N-acylation by ceramide 

synthase (CerS), sphinganine is transformed into dihydroceramide (dhCer). Then a 

desaturase (DES) catalyzes the last step of this pathway by the introduction of a double 
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bond in position 4-5 trans into dihydroceramide molecule to generate ceramide. Once 

synthesized, ceramides have to be transported to the Golgi apparatus, where the 

synthesis of complex sphingolipids, such as sphingomyelin (SM) and glycosphingolipids 

(GSLs), takes place.  

b) The sphingomyelinase (SMase) pathway: 

The second major mechanism for ceramide formation is a catabolic pathway that 

generates phosphorylcholine and ceramide directly from degradation of 

sphingomyelin at the plasma membrane or in lysosomes. This reaction is catalyzed by 

one of several sphingomyelinases (SMases).  Five types of sphingomyelinases can be 

distinguished by their pH optima, metal ion requirement for activity, and subcellular 

distribution: acid lysosomal SMase (ASMase), Zn2+ dependent secreted form of ASMase, 

neutral Mg2+ dependent SMase (NSMase), neutral Mg2+ independent SMase, and 

alkaline SMase [12, 13]. Since sphingomyelin is the most abundant sphingolipid in 

mammalian cells, its ability to form ceramides in considerably high. The opposite 

reaction is catalyzed by the enzyme sphingomyelin synthase (SMS), which is 

fundamental to maintain ceramide and sphingomyelin levels in cells.  

c) The salvage pathway: 

The third most important mechanism for ceramide synthesis is the salvage 

pathway, in which complex sphingolipids are degraded to sphingosine that can then be 

converted back to ceramide by the action of ceramide synthases.  
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Figure 3: General metabolism of sphingolipids. 

d) The neutral ceramidase pathway:  

Alternatively, in liver mitochondria, a fourth pathway for ceramide synthesis takes 

place. The key regulator enzyme in this pathway is neutral ceramidase, which catalyzes 

the condensation of sphingosine and acyl-CoA, a reaction that occurs in two steps. First, 

palmitoyl-CoA is hydrolyzed in mitochondria to palmitate and CoA by a thioesterase; 

then neutral ceramidase condenses palmitate and sphingosine to form ceramide in a 

reverse ceramidase reaction [14].  

Once generated, ceramides can undergo further processing to generate more 

complex sphingolipids, such as glycosylceramides or complex glycosphingolipids, 

which in turn, upon their breakdown by specific glucosidases and galactosidades, can 

once again generate ceramides. Ceramides can also be metabolized by ceramidases 

(CDases), which cleave the amide-linked fatty acid residue to form sphingosine. Thus, 

sphingosine can be available either for recycling into ceramides or for phosphorylation 

by one of the two sphingosine kinase (SphK) enzymes. The product of this reaction, 

sphingosine 1-phosphate (S1P), can lose the phosphate group through the action of 

sphingosine phosphatases (SPPases) or be metabolized by S1P lyase to 

phosphoethanolamine and a fatty aldehyde. Finally, ceramides can undergo 
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phosphorylation by the action of Ceramide Kinase (CerK) to generate ceramide 1-

phosphate (C1P), which can be converted back to ceramide by the action of ceramide 

1-phosphate phosphatase (C1PP), or lipid phosphate phosphatases (LPP).  

4.2. Bioactive sphingolipids 

It is well known that sphingolipids can serve both as structural and signaling or 

regulatory molecules in eukaryotic cells. The sphingolipid metabolites ceramide, S1P 

and C1P are major signaling molecules implicated in the regulation of key physiologic 

processes including cell proliferation, survival, embryo development, organogenesis, 

autophagy, immune cell trafficking or steroidogenesis. In addition, they have been 

found to be implicated in variety of pathological processes, mainly those related to 

inflammatory responses or inflammation-associated diseases [8, 15].  

4.2.1. Ceramides 

Ceramides consist of a sphingosine backbone covalently linked to a fatty acid via 

an amide bond. Unlike sphingoid precursors, ceramides are highly hydrophobic 

molecules and are located in membrane compartments, including the plasma 

membrane, where they participate in raft formation. These ceramide platforms are an 

important class of membrane domains with relevant biological roles, including 

participation in apoptotic signaling cascades and viral or bacterial entry into the cells 

[16, 17].  

It has been reported that ceramides induce cell cycle arrest and promote apoptosis 

[18, 19]. Besides, they can also play key roles in the regulation of autophagy, cell 

differentiation, survival, and inflammatory responses [20-28]. Ceramides can function 

through direct activation of protein phosphatases PP1A and PP2A, which can perform 

critical responses, such as the induction of apoptosis through the inactivation of the 

anti-apoptotic targets Akt and Bcl2, and activating pro-apoptotic proteins Bad and Bax 

[29]. It has also been shown that ceramide can regulate the activity of different 

members of the Protein Kinase C (PKC) family. Another binding target for ceramide is 

the cellular protease cathepsin D, which may regulate the actions of lysosomally-

generated ceramides [30].  

In addition, ceramide and its downstream metabolites have been suggested to play 

decisive roles in a number of pathological states, including microbial pathogenesis, 
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inflammation, obesity, neurodegeneration, diabetes, cardiovascular disease, and 

cancer.  

 

Figure 4: C-16 ceramide. 

4.2.2. Sphingosines 

Sphingosine (Sph) is an 18-carbon amino alcohol with an unsaturated hydrocarbon 

chain. Sph has been connected to cellular processes such as induction of cell cycle 

arrest and apoptosis by modulation of protein kinases and other signaling pathways. It 

has also been involved in the regulation of the actin cytoskeleton and endocytosis and 

it has been shown to inhibit PKC [31]. Kinase targets for sphingoid bases have also been 

found in yeast, suggesting their involvement in the regulation of endocytosis, cell cycle 

arrest and protein synthesis [29].  

 

Figure 5: Sphingosine. 

4.2.3. Sphingosine 1-phosphate 

Phosphorylation of sphingosine by sphingosine kinases 1 and 2 (SphK1 and SphK2) 

leads to the production of sphingosine 1-phosphate (S1P). S1P can be found 

intracellularly where it is produced, but it is also present in serum at relatively high 

concentrations, where it can be found attached to lipoproteins or albumin [32].  S1P 

and Sph are easily inter-convertible by specific intracellular S1P phosphatases (SPP) [33, 

34].  Even though many of the effects of S1P are exerted intracellularly, a family of 

specific G-protein-coupled receptors (GPCRs), S1P receptors (S1PR), have been 

described [35], and most of the S1P actions have been associated to stimulation of 

these receptors.  
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Figure 6: Sphingosine 1-phosphate.  

S1P can regulate a variety of cellular functions including proliferation, 

differentiation, cell survival, migration, angiogenesis, and immune responses [36]. For 

these reasons it can be classified as a tumor-promoting lipid, therefore showing 

antagonizing effects to those of ceramide and sphingosine [37]. These pleiotropic 

effects grant S1P a key role in several diseases, including cancer, inflammation, 

autoimmunity, atherosclerosis and fibrotic disorders [38-40].  

4.2.4. Ceramide 1-phosphate and Ceramide Kinase  

Ceramide 1-phosphate (C1P) is a major metabolite of ceramide. It is synthesized 

through direct phosphorylation of ceramide by Ceramide Kinase (CerK), a reaction that 

takes place in the trans-Golgi network where the enzyme uses ceramide that is 

transported from the ER to the Golgi apparatus by CERT [41]. C1P was first identified as 

the product of a new kinase activity found in rat brain tissue [42], and it was later 

confirmed in human leukemia cells [43]. Since then, CerK activity has been described in 

a broad number of cell types.  

Once synthesized, C1P is transported to the plasma membrane or to other cell 

compartments by the specific ceramide phosphate transfer protein (CPTP), where it 

can be released for autocrine or paracrine signaling. CPTP resides in the cytosol but can 

connect with the trans-Golgi network, nucleus and plasma membrane to deliver C1P. 

The CerK pathway is the only pathway described for C1P biosynthesis in mammalian 

cells.  Nevertheless, significant levels of C1P have been found in bone marrow-derived 

macrophages (BMDM) isolated from CerK null mice, suggesting that other mechanisms 

for C1P biosynthesis in mammals might exist [44]. Alternative pathways for C1P 

synthesis may involve the transfer of fatty acyl chains to S1P, or cleavage of 

sphingomyelin by phospholipase D type SMase (SMase D) activity. However, although 

SMase D activity has been detected in the toxins of some bacteria and the venom of 

some arthropods, there is no evidence of SMase D activity in mammalian cells [45].  
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Figure 7: C16 ceramide 1-phosphate 

Our group was the first to demonstrate that C1P is a bioactive molecule. C1P was 

then described as a pro-survival agent capable of stimulating proliferation and 

inhibited apoptosis in different cell types, including fibroblasts, macrophages and 

myoblasts [46-50].  Using different cell types and mass spectrometric analysis, it was 

found that the major intracellular C1P species was palmitoyl (C16) C1P [51]. The 

mitogenic effects of C1P included stimulation of MEK/ERK, PI3K/Akt, c-JNK, the 

mammalian target of rapamycin (mTOR), PKC, ROCK/RhoA, GSK3β, and NFκB [52-59]. 

Regarding its function in cell survival, C1P was demonstrated to block apoptosis 

through the inhibition of ASMase and SPT activities, as well as by increasing the 

production of nitric oxide (NO) by the stimulation of the inducible form of nitric oxide 

synthase (iNOS), and by activating PI3K/Akt pathway.  

More recently, our group showed that not all the effects of C1P can be achieved by 

increasing its intracellular levels. For instance, C1P can stimulate glucose uptake [60] or 

induce cell migration in Raw 264.7 cells [61], but these effects cannot be accomplished 

by increasing intracellular C1P concentration [62]. These findings led to the 

identification of a specific C1P membrane binding site, possibly a receptor. The putative 

receptor did not bind other sphingolipids including ceramides, S1P, or SM, and resulted 

to be a Gi protein-coupled receptor (GPCR). Ligation of C1P to its receptor was 

necessary for triggering glucose metabolism and cell migration [60-62].  

5. Sphingolipids in inflammation 

Sphingolipids participate in numerous inflammatory processes and are responsible 

for controlling intracellular trafficking and signaling, cell growth, adhesion, 

vascularization, survival and apoptosis [15, 63]. The sphingolipid metabolites ceramide, 

sphingosine 1-phosphate (S1P) and ceramide 1-phosphate (C1P) are major signaling 

molecules implicated in inflammatory responses and inflammation-related diseases 

[15]. The role of these three sphingolipids in chronic inflammation has been extensively 

investigated in the past years, and they have been associated mainly with immune-
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dependent and vascular-related chronic inflammatory diseases, including diabetes, 

obesity, chronic obstructive pulmonary disease (COPD), inflammatory bowel disease, 

neuroinflammatory disorders and cancer. While ceramides have been associated with 

pro-inflammatory responses, S1P and C1P have both pro- and anti-inflammatory 

properties depending upon the cell type in which they are generated.  

5.1. Ceramides  

Once generated, ceramides can induce the expression and activation of the pro-

inflammatory transcription factor NFκB, which is ubiquitously expressed in mammalian 

cells. This transcription factor regulates the expression of more than 150 inflammation-

related genes, such as interleukins, chemokines and pro-inflammatory enzymes 

involved in the synthesis of prostaglandins [64]. They can also regulate the 

overexpression of CCAAT/enhancer binding proteins (c/EBP), another family of 

transcription factors closely associated with inflammation. This up-regulation 

promotes the expression of several inflammatory proteins [65, 66].  

An excessive ceramide signaling is related with adipose tissue inflammation and 

insulin resistance, leading to obesity and type II diabetes, by inducing over activation of 

immune cells such as macrophages and B cells. Ceramides participate in signal 

transduction processes by the activation of specific serine/threonine protein kinases or 

phosphatases, including PP1, PP2A, and PP2C. Stimulation of PP2A promotes the 

inactivation by dephosphorylation of Akt, the downstream target of PI3K, a crucial 

pathway involved in the promotion of cell survival. Since PI3K/Akt pathway is the most 

important pathway by which insulin exerts its metabolic effects, inhibition of this 

pathway by ceramides would contribute to insulin resistance and the development of 

type II diabetes [67]. Ceramides have also been found elevated in the plasma and 

mediastinal human adipose tissue [68], thus it seems obvious that obesity, diabetes, 

and inflammation are interconnected by ceramides.  

Ceramides have also become relevant in the pathogenesis of lung diseases, 

including asthma, chronic obstructive pulmonary disease (COPD), pulmonary fibrosis 

and pulmonary infections [69-72]. Ceramides can also be found in biological fluids, like 

plasma or bronchoalveolar lavage fluid (BALF), where they bind to carrier proteins or 

lipid microvesicles that originate from the cell plasma membrane. Exogenous 

ceramides have been shown to induce ASMase activity and to stimulate the de novo 

synthesis pathway to produce more ceramides, thus creating a paracrine amplification 
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loop to increase ceramide levels within the cell. Ceramides accumulate in cystic fibrosis 

lungs and mediate increased cell death, susceptibility to infections, and inflammation. 

Regarding COPD, it has been demonstrated that exposure to cigarette smoke 

promotes ceramide accumulation in lungs, which is sufficient to cause alveolar 

endothelial and epithelial cell apoptosis, activation of macrophages, and matrix 

proteolysis, thus promoting emphysema [70, 73, 74].  

Of note, some of the pro-inflammatory activities of ceramides may be attributed to 

further metabolism to S1P and C1P. 

5.2. Sphingosine 1-phosphate 

Sphingosine 1-phosphate (S1P) may be the best studied molecule of this family of 

bioactive lipids and most of its effects are mediated by five identified receptors (S1PR1-

5) [75]. S1P is a key mediator for lymphocyte trafficking between lymphoid and non-

lymphoid tissues, favoring the exit of effector T and B-lymphocytes from lymph nodes, 

thymus, and bone marrow and blocking the ability of immature dendritic cells to 

migrate. This effect of S1P is particularly important in the development of chronic 

inflammatory conditions and autoimmune diseases, in which T and B-lymphocytes play 

a key role.  

S1P levels are elevated in individuals with inflammatory arthritis, inflammatory 

bowel disease, and asthma. S1P has been shown to stimulate the activation of NFκB, 

which is a key transcription factor implicated in inflammatory responses [76]. However, 

S1P has also been reported to act as anti-inflammatory molecule in some cases. For 

instance, S1P may exert anti-inflammatory actions in the skin, and may also promote 

the switch from the pro-inflammatory  M1 to the anti-inflammatory M2 macrophage 

subtype.  

S1P can also be seen as a tumor-promoting lipid involved in the regulation of 

proliferation, cell growth, cell survival, cell migration, inflammation, angiogenesis, 

vasculogenesis, and resistance to apoptotic cell death, and therefore shows 

antagonizing effects to those of ceramides [77].  

5.3. Ceramide 1-phosphate and Ceramide Kinase  

As indicated above, C1P has both pro- and anti-inflammatory properties depending 

upon the cell type in which it is generated or act. Initial studies pointed to pro-
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inflammatory effects of C1P. It was shown, for instance, that C1P was able to stimulate 

arachidonic acid (AA) release and subsequent production of pro-inflammatory 

eicosanoids, including prostaglandins, upon the direct activation of group IV cytosolic 

phospholipase A2 (cPLA2) [78, 79]. C1P has also been described as a regulator of 

cytokine secretion, specifically TNF-α, the major mediator of systemic and acute 

inflammation, which is a pro-inflammatory event occurring in response to invading 

microbes [80]. TNF-α deregulation results in hyper-activation of the immune response 

accompanied by lethal tissue damage most commonly described as septic shock, and it 

has also been linked to rheumatoid arthritis and cancer [81, 82]. Besides, it has also 

been shown that the interaction of C1P to its receptor results in the stimulation of cell 

migration and increases glucose uptake in macrophages [60, 61]. Another interesting 

observation related to the pro-inflammatory actions of C1P is that CerK deficiency 

decreases diet-induced obesity and insulin resistance by reducing body weight in mice 

fed a high fat diet [83]. Moreover, CerK-null mice showed decreased MCP-1 signaling in 

macrophages infiltrating the adipose tissue, a process that is thought to be a crucial 

factor for the development of inflammation in obese animals. Thus, CerK deficiency 

resulted in attenuation of inflammatory responses in adipocytes, which might 

otherwise promote obesity and diabetes. C1P has also been reported as a potent 

inductor or cell migration in different cell types, including macrophages. Cell migration 

is also stimulated in response to inflammation and it is critical for chronic inflammatory 

diseases, such as asthma, rheumatoid arthritis, multiple sclerosis, or inflammatory 

bowel disease, where the constant infiltration of immune cells into inappropriate sites 

promotes progressive and severe tissue damage [84, 85]. Besides, cell migration is also 

associated with cardiovascular disease and establishment and progression of 

atherosclerosis [86].  

However, accumulating evidence suggest that C1P can also exert anti-

inflammatory effects under certain circumstances, or that it can specifically induce 

both pro- and anti-inflammatory responses depending on cell type. In this context, C1P 

potently inhibited cigarette smoke-induced airway inflammation. Noteworthy, C1P has 

been shown to be able to counteract the inflammatory effects of ceramides, which 

triggered apoptosis of pulmonary epithelial cells, thus promoting emphysema [87]. This 

effect was mediated by the inhibition of the activity and expression of N-SMase, and 

NFκB, and the inhibition of several pro-inflammatory cytokine release in mice lungs and 

human airway epithelial cells and neutrophils.  
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6. Phosphatidylethanolamine N-methyltransferase (PEMT) 

Phosphatidylcholine (PC) is the most abundant phospholipid of all mammalian cells 

and subcellular organelles. In general, PC comprises 40–50% of total cellular 

phospholipids. The second most abundant phospholipid in mammalian membranes is 

phosphatidylethanolamine (PE), which is enriched in mitochondrial inner membranes 

(~40% of total phospholipids) compared to other organelles (15–25% of total 

phospholipids). In all nucleated mammalian cells PC is synthesized by the CDP-choline 

pathway, also called the Kennedy pathway [88, 89]. When dietary choline enters the 

cell, it is rapidly phosphorylated to phosphocholine via the cytosolic enzyme choline 

kinase (CK). Then, CTP and phosphocholine are converted to CDP-choline via the 

enzyme CTP phosphocholine cytidylyltransferase (CT), which is the rate-limiting 

reaction for this PC synthesis pathway [90]. The final reaction in the CDP-choline 

pathway is catalyzed by the integral membrane protein CDP-choline: 1,2-diacylglycerol 

cholinephosphotransferase (CPT) and the dual-specificity protein, CDP-choline:1,2-

diacylglycerol choline/ethanolamine phosphotransferase (CEPT). These proteins are 

tightly embedded in the endoplasmic reticulum (ER) membrane and transfer 

phosphocholine from CDP-choline to DAG thereby generating PC. In addition to the 

CDP-choline pathway for PC synthesis, the liver uses an alternative pathway, the 

phosphatidylethanolamine N-methyltransferase (PEMT) pathway [91]. PEMT is a small 

integral membrane protein (~ 22 kDa isoform 1, and ~ 27 kDa isoform 2), which 

catalyzes the conversion of phosphatidylethanolamine (PE) to phosphatidylcholine (PC) 

by the transfer of 3 methyl groups from S-adenosylmethionine to PE.  

In rodents, approximately 30% of PC biosynthesized in the liver is derived from the 

PEMT pathway with the remaining 70% of PC being generated by the CDP-choline 

pathway [92]. Despite being predominantly expressed in the liver, relatively low PEMT 

activities have been found in other tissues such as heart and adipocytes [93]. 

Nonetheless, there is now evidence that PEMT activity might be important in lipid 

droplet biosynthesis in adipocyte cells and white adipose tissue [94].  
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Figure 8: Phosphatidylcholine synthesis pathways. 

In several mouse models and in human studies, a change in not only the absolute 

concentrations of these phospholipids, but more critically in the molar ratio between 

PC and PE, is a key determinant of liver health. Changes in the hepatic PC/PE molar ratio 

have been linked to development of non-alcoholic fatty liver disease (NAFLD) in 

humans [95], as well as in liver failure [96], impaired liver regeneration [97], and the 

severity of alcoholic fatty liver disease [98].  

 

The present thesis explores the role of CerK/C1P and PEMT in inflammatory 

processes in different cell types including lung cells, adipocytes and liver, so as to 

increase our knowledge on the molecular mechanisms of related diseases.  
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Rationale  

 

Chronic inflammatory diseases are a major cause of mortality in human beings. 

Worldwide 3 out of 5 people die due to chronic inflammatory diseases including, 

chronic respiratory illnesses, obesity, fatty liver diseases and cancer. Many lung diseases 

develop as chronic inflammatory responses to inspired irritants, namely cigarette 

smoke. Obesity is a local and systemic chronic state of low-grade adipose tissue 

inflammation, which leads to the development of serious diseases such as type II 

diabetes, cardiovascular disease, non-alcoholic fatty liver disease (NAFLD), and even 

certain forms of cancer. Although these pathologies are dissimilar, they have a 

common link: alterations in sphingolipid metabolism. Therefore, understanding the 

molecular pathways involved in the formation and degradation of sphingolipid 

metabolites may help to elucidate the mechanisms responsible for the establishment 

and progression of these diseases. 

In this connection, bioactive sphingolipids have been shown to regulate important 

biological functions including cell proliferation, cell survival, organogenesis, or immune 

cell trafficking, and some of them are implicated in inflammatory responses. In 

particular, ceramide 1-phosphate (C1P) and the enzyme responsible for its biosynthesis, 

ceramide kinase (CerK), have been implicated in the regulation of inflammatory 

responses associated with lung disease, obesity, NAFLD and cancer. Interestingly, 

recent evidence suggests that phosphatidylethanolamine N-methyltransferase (PEMT), 

an enzyme that regulates the biosynthesis of phosphatidylcholine (PC) through 

methylation of phosphatidylethanolamine (PE), also participates in the development of 

inflammatory diseases that are associated with NAFLD, obesity and cancer, pathologies 

in which ceramide metabolism also plays critical roles. 

 

Therefore, the present thesis was undertaken to examine the possible role of CerK 

and PEMT in inflammatory processes in lung cells, adipocytes and liver.  
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Objectives 

Accordingly, the objectives proposed in this thesis were: 

1. To study the implication of CerK/C1P in inflammatory responses elicited by CSE 

in lung epithelial cells.  

2. To determine the implication of PEMT in inflammatory processes in major PEMT 

expressing tissues (adipocytes and liver). 

2.1. To determine the possible implication of PEMT in adipogenesis and a 

possible interaction with C1P actions in this process.  

2.2. To study the possible relationship between PEMT and bioactive 

sphingolipids in NAFLD in PEMT knock-out mice, and the possible 

therapeutic effect of vitamin E.  
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Materials and 

Methods 

 

1. MATERIALS 

1.1. Reagents 

Supplier Reactive 

Abcam CD36 Ab (#ab133625) 

GSH/GSSG Ratio Detection Assay Kit 

Abnova Adipogenesis assay kit 

Applied Biosystems  

(Ambion) 

CERK siRNA 

P85α siRNA 

MAPK1 siRNA 

MAPK3 siRNA 

ROCK1 siRNA 

ROCK2 siRNA 

AKT1 siRNA 

AKT2 siRNA 

PEMT siRNA 

Negative siRNA 

Avanti Polar Lipids C16 Ceramide 1-phosphate 

Biorad BCA protein assay kit 

PVDF membranes 

Protein markers 

Cayman Chemical C6-NBD-ceramide 

Cell Signaling Technology ERK1/2 Ab (#9102) 

Phospho-ERK1/2 Ab (#9101) 

AKT Ab (#9272) 

Phospho-AKT Ab (#9271) 

AKT1 Ab (#2938) 
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AKT2 Ab (#3063) 

ROCK1 Ab (#4035) 

ROCK2 Ab (#9029) 

PI3K (p85) Ab (#4292) 

E-Cadherin Ab (#3195) 

PPARɣ Ab (#2430) 

Adiponectin Ab (#2789) 

Perilipin Ab (#3470) 

Gibco (Thermofisher Scientific) Fetal Bovine Serum 

Newborn Calf Serum 

Opti-MEM® Reduced Serum Media 

0,05% Trypsin-EDTA 

Invitrogen Oligofectamine ™ Transfection Reagent 

Lipofectamine® 2000 Transfection 

Reagent 

Hygromycin B 

Gentamicin Solution 

Human IL-8 ELISA kit 

Human IL-6 ELISA kit 

Human TGF-β1 ELISA kit 

Human MCP-1 ELISA kit 

LifeSpan BioSciences PEMT Ab (#LS-C80583) 

Lonza DMEM medium 4.5 g/l glucose 

RPMI medium 

PeproTech Human VEGF ELISA kit 

Mouse Leptin ELISA kit 

Polyplus Transfection jetPRIME® DNA & siRNA Transfection 

Reagent 

Promega Cell Titer 96® Aqueous Non-Radioactive 

Cell Proliferation Assay 

R&D Systems TBARS Parameter Assay Kit  

Santa Cruz Biotechnology, Inc.  GAPDH Ab  

Sigma Aldrich Ampicillin Sodim Salt 

Acrylamide/Bis-acrylamide, 30% solution
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Ammonium persulfate 

Bovine Serum Albumin 

Fibronectin 

L-glutamine 

Protease Inhibitor Cocktail 

Tween-20 

Pertussis toxin 

Crystal violet 

Dexamethasone 

Insulin 

IBMX 

Rosiglitazone 

Oil Red O 

Thermofisher Scientific SuperSignal® West femto Maximum 

Sensitivity Substrate 

 

1.2.  Cell lines 

1.2.1. 3T3-L1 cell line 

The 3T3-L1 cell line is a murine fibroblast cell line purchased from American Type 

Culture Collection (ATCC®CL-173) and cultured following the manufacturer’s 

indications. Cells were grown in DMEM (4.5 g glucose/l) supplemented with 10% heat 

inactivated NBCS, 50 mg/l gentamicin and 4 mM L-glutamine. Cells were incubated in a 

humidified 5% CO2 incubator at 37ºC and subcultured every 3-4 days.  

3T3-L1 cells undergo a pre-adipose to adipose like conversion as they progress 

from a rapidly dividing to a confluent and contact inhibited state. High serum content 

in the medium enhances fat accumulation.  
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Figure 1: Micrograph of 3T3-L1 cells taken from ATCC website. 

1.2.2. A549 cell line 

 The A549 cell line, originally from ATCC, was kindly provided by the laboratory of Dr. 

Sergio Moya (CICbiomaGUNE, San Sebastian, Basque Country, Spain) and cultured 

following the manufacturer’s indications. The A549 cell line is an alveolar basal 

epithelial cell line derived from an explant culture of lung carcinomatous tissue from a 

58-year-old Caucasian male.   

Figure 2: Micrograph of A549 cells taken from ATCC website. 

Cells were grown in 75 cm2 flasks in RPMI medium supplemented with 10% heat-

inactivated FBS, 2 mM L-glutamine and 50 mg/l gentamicin. Cells were cultured in a 

humidified 5% CO2 incubator at 37ºC and subcultured every 3-4 days maintaining at a 

cell concentration between 6 x 103 and 6 x 104 cell/cm2. 
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1.2.3 THP-1 cell line 

 The THP-1 cell line, originally from ATCC, was kindly provided by the laboratory of 

Dr. Ana Zubiaga (Department of Genetics, EHU-UPV, Basque Country, Spain) and 

cultured following the indications dictated by ATCC. This cell line is a human monocytic 

cell line derived from peripheral blood of a 1-year old acute monocytic leukemia 

patient.  

 Cells were grown in 100 mm plates in RPMI medium supplemented with 10% heat-

inactivated FBS, 2 mM L-glutamine, 50mg/L gentamicin and 0.05 mM 2-

mercaptoethanol. Cells were cultured in a humidified 5% CO2 incubator at 37ºC and 

maintained by the addition of fresh medium or replacement of medium every 2-3 days. 

Alternatively, cells can be subcultured by centrifugation with subsequent resuspension 

at 2-4 x 105 cells/ml.  

 

 

 

 

 

 

 

Figure 3: Micrograph of THP-1 cells taken from ATCC website. 

2. ANIMAL HANDLING AND DIETS 

All experimental procedures were approved by the University of Alberta's 

Institutional Animal Care Committee in accordance with guidelines of Canadian 

Council on Animal Care. Male Pemt+/+ and Pemt−/− mice (backcrossed into C57B1/6 for 

seven generations), were fed a semi-synthetic HFD (catalog no.F3282, Bio-Serv, 

Flemington, NJ; 60% kcal fat) or HFD supplemented with vitamin E (0.5 g/kg) for 

3 weeks. This concentration of vitamin E results in an approximate dose of 

133 IU/kg/day, which is equivalent to the recommended dose for human vitamin E 
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supplements. Animals were fasted for 12 h before collection of different tissues. Blood 

was collected from the heart to an EDTA-containing tube, mixed, separated 

by centrifugation, and the plasma was stored at −80 °C. The liver was rinsed with ice-

cold saline, weighed, immediately frozen in liquid nitrogen, and stored at −80 °C until 

further analyses. Formalin-fixed paraffin-embedded livers were sectioned for 

histological analysis using hematoxylin-eosin staining. Fibrillar collagen was visualized 

by Picro-Sirius red staining (5-μm sections, formalin-fixed livers) and confocal 

microscopy.  

3. METHODS 

3.1. Delivery of C1P to cells in culture 

 An aqueous dispersion in the form of liposomes of C1P was added to cultured cells 

as previously described [1]. Specifically, stock solutions of C1P were prepared by 

sonicating 5 mg C1P in 3 ml of sterile nanopure water on ice using a probe sonicator 

until a clear dispersion was obtained. The final concentration in the stock solution was 

2.62 mM. This procedure is considered preferable to dispersions prepared by adding 

C1P in organic solvents such as methanol, ethanol or DMSO because droplet formation 

is minimized and there are no organic solvent effects on the cells. C1P was then added 

to the culture medium in the micromolar range. 

3.2. Preparation of cigarette smoke extract (CSE) and delivery to cells 

Fresh cigarette smoke extract (CSE) was prepared using a modification of the 

method described by Aoshiba [2]. Briefly, the smoke from fifteen half-filtered 

commercial cigarettes (Marlboro; Philips Morris GmbH, Munich, Germany) was bubbled 

through 150 ml warm RPMI medium. The obtained extract was immediately adjusted to 

a pH of 7.4, and filtered through a 0.22 μm filter to sterilize and remove particulate 

matter. This solution was considered the 100% of CSE and was aliquoted and stored at   

-80ºC until used.  

When needed, CSE was melted and cells were treated between 0-72 hours with CSE 

in the presence or absence of agonists or inhibitors as indicated. 

3.3. Cell viability assay (Crystal violet method) 

 Adherent cells detach from cell culture plates during cell death. This characteristic 

can be used for the indirect quantification of cell death and to determine differences in 



Materials and methods 

59 
 

proliferation upon stimulation with death-inducing agents. A simple method to detect 

maintained adherence of cells is the staining of attached cells with crystal violet dye, 

which binds to proteins and DNA. Cells that undergo cell death lose their adherence and 

are subsequently lost from the population of cells, reducing the amount of crystal violet 

staining in a culture. 

• A549 cells were seeded at a density of 104 cells/well in 96-well plates in 

triplicates (100 μl). Cells were then incubated overnight in RPMI medium supplemented 

with 10% FBS. Then, the medium was replaced with fresh medium without serum in the 

presence or absence of agonists or inhibitors and further incubated, as indicated.  

 After the indicated incubation time periods, cells were washed twice with distilled 

water and 50 μl of 0.5% crystal violet in 20% methanol were added to each well. Cells 

were stained for 20 minutes at room temperature while shaking. After this time cells 

were washed three times with distilled water and the plate was left air-dry overnight. 

The next day 200 μl of methanol were added to each well and plate was incubated with 

its lid on for 20 minutes at room temperature on a bench rocker. The absorbance was 

measured at 570 nm and absorbance of the blank (stained wells without cells) was 

subtracted from all absorbance values. The control values were indicated as 100% of 

cell viability.  

3.4. Western Blotting 

 A549 cells were seeded in a 6-well plates at 2 x 105 cells/well and grown overnight in 

RPMI medium containing 10% FBS. Then, the medium was replaced with fresh medium 

without serum in the presence or absence of agonists or inhibitors further incubated, as 

indicated. 

Cells were washed twice with cold PBS and harvested with ice-cold lysis buffer (0.1 

M Tris pH 8, 0.685 M NaCl, 2.5 mM EDTA, 1% (v/v) igepal, 10% (v/v) glycerol and 1μg/ml 

Protease Inhibitor Cocktail (PIC). Samples were lysed by sonication and protein 

concentration was determined using a protein assay commercial kit (BioRad).  

Samples (10-40 μg protein/sample) were mixed with 4X loading buffer (240 mM Tris 

pH 6.8, 40% (v/v) glycerol, 8% SDS, 0.04% (p/v) bromophenol and 50 μl/ml β-

mercaptoethanol). Samples were then heated at 90ºC for 10 minutes and loaded into 

polyacrilamide gels (15%, 12% or 7.5% acrylamide) to perform protein separation by 
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SDS-PAGE. Electrophoresis was run (75V for 30 minutes-125V for 1.5 hours approx.) in 

electrophoresis buffer (1.92 mM glycin, 0.25 M Tris-HCl and 1% SDS).  

Proteins were then transferred intro nitrocellulose or polyvinylidene difluoride 

(PVDF) membranes. Transference was run at 400 mA for 75 minutes in ice-cold transfer 

buffer (14.4 g/L glycin, 3 g/L Tris and 20% methanol). In order to avoid unspecific 

antibody binding, the membrane was blocked for 1 hour with 5% skim milk in Tris-

Buffered Saline (TBS) containing 0.1% Tween-20, pH 7.6. The skim milk was then 

removed and membranes were incubated overnight with primary antibody diluted in 

TBS/0.1% Tween-20 with 5% BSA (1:1000, unless indicated otherwise) at 4ºC. After three 

washes with TBS/0.1% Tween-20, membranes were incubated with Horseradish 

Peroxidase (HRP)-conjugated secondary antibody at 1:5000-1:10000 dilution in 1% skim 

milk in TBS/0.1%Tween-20 for 1 hour. Bands were visualized by enhanced 

chemiluminiscence using ChemiDoc™ Imaging System and quantified using ImageLab™ 

software.  

3.5. Quantitative Enzyme-Linked ImmunoSorbent Assay (ELISA) 

3.5.1. Determination of VEGF and leptin concentration 

A549 cells were seeded in 12-well plates (8 x 104 cells/well) and incubated overnight 

in RPMI medium containing 10% FBS. The next day cells were washed twice with PBS 

and the medium was replaced with RPMI medium without serum. Cells were further 

incubated in serum deprivation conditions for 2 hours. After this period, agonists 

and/or inhibitors were added and cells were incubated for the indicated periods of 

time. The medium was then collected into microcentrifuge tubes and centrifuged at 

10000 g for 5 minutes at 4ºC to remove any cell residues and the supernatant was 

collected and stored at -80ºC until used. Remaining cells in the wells were washed twice 

with ice-cold PBS and harvested, and the pellet was resuspended in 80 μl lysis buffer (0.1 

M Tris pH 8, 0.685 M NaCl, 2.5 mM EDTA, 1% (v/v) igepal, 10% (v/v) glycerol and 1μg/ml 

Protease Inhibitor Cocktail (PIC)). Samples were lysed by sonication and protein 

concentration was determined by a protein concentration commercial kit (BioRad) for 

later normalization of the results. 

 3T3-L1 cells were seeded in 24-well plates (2.5 x 104 cells/well) and incubated 

overnight in DMEM supplemented with 10% NBCS. The next day siRNA protocol was 

performed and cells were further incubated for 2 days. Then, adipogenesis was induced 
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and cells were differentiated until day 7. At day 7 after differentiation cells supernatant 

was collected and stored at -80ºC until used.  

 Once supernatants were collected as described above, the VEGF and leptin 

concentration was determined using a Human Standard ELISA development Kit 

(Peprotech) for each cytokine following the manufacturer’s indications.  

 

 

 

 

 

Figure 4: Schematic representation of sandwich ELISA format experiment. 

 Briefly, a 96-well high reactivity plate was pre-coated with specific antibodies for 

VEGF or leptin and incubated overnight at 4ºC. The next day, the wells were washed and 

blocked with 1% bovine serum albumin (BSA) in PBS for 1 hour at room temperature. 

100 μl of each sample were added in duplicate to the wells without previous dilution. 

Along with the samples, serial dilutions of a standard solution for each cytokine were 

also added to the plate. Samples were incubated for 2 hours at room temperature and 

then the biotinylated-detection antibody was added. This antibody binds to the 

VEGF/leptin capture antibody complexes. After 1 hour incubation and subsequent 

washes, an Avidin-HRP solution was added to each well and reactions with 

biotinylated-detection antibody were allowed to occur for 30 minutes. Finally, after the 

last wash step, a 2,2’-Azino-bis(3 ethylbenzothiazoline-6-sulfonic acid) diammonium 

salt (ABTS) solution was added as a substrate. The reaction catalyzed by the enzyme in 

the presence of ABTS substrate produces a chromophoric product that enables a 

colorimetric change. The absorbance was then read at 405 and 650 nm using a 

PowerWaveTM XS (Biotek) microplate reader provided with Gen5 software. For 

analyzing the data absorbance values obtained at 650 nm were subtracted from the 

ones obtained at 405 nm in order to avoid possible interference, and the standard 

solutions were used to perform a calibration curve. Sample concentration values 
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(pg/ml) obtained by the calibration curve were normalized considering total volume of 

supernatants collected and by the total protein determined in each well (pg/mg total 

protein). 

3.5.2. Determination of MCP-1,TGF-β1, IL-6 and IL-8 concentration 

A549 cells were seeded in 12-well plates (1 x 105 cells/well and incubated overnight in 

RPMI medium containing 10% FBS. The next day cells were washed twice with PBS and 

the medium was replaced with RPMI medium without serum. Cells were further 

incubated in serum deprivation conditions for 2 hours. After this period, agonists 

and/or inhibitors were added and cells were incubated for the indicated periods of 

time. The medium was then collected into microcentrifuge tubes and centrifuged at 

10000 g for 5 minutes at 4ºC to remove any cell residues and the supernatant was 

collected and stored at -80ºC until used. Remaining cells in the wells were washed twice 

with ice-cold PBS and harvested with 80 μl lysis buffer (0.1 M Tris pH 8, 0.685 M NaCl, 2.5 

mM EDTA, 1% (v/v) igepal, 10% (v/v) glycerol and 1μg/ml Protease Inhibitor Cocktail 

(PIC)). Samples were lysed by sonication and protein concentration was determined by 

a protein concentration commercial kit (BioRad) for later normalization of the results.  

 The MCP-1, TGF-β, IL-6 and IL-8 concentration was determined using a Human 

ELISA Ready-Set-Go! Kit (eBioscience) for each cytokine and the manufacturer’s 

instructions were followed. 

 Briefly, a 96-well high reactivity plate was precoated with a specific antibody 

against each cytokine and incubated overnight at 4ºC. The next day the wells were 

washed and blocked with diluent buffer for 1 hour at room temperature. 100 μl of each 

sample were then added in duplicate to the wells.  

• MCP-1 samples were added without previous dilution.  

• TGF-β1 samples had to be activated with HCl for 10 minutes and neutralized 

with NaOH to analyze latent TGF-β1 amount. To determine activated TGF-β1 

amount, no activation is required.  

• IL-6 samples were added without previous dilution. 

• IL-8 samples were added without previous dilution. 
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 Along with the samples, serial dilutions of a standard solution for each cytokine 

were also added to the plate. Samples were incubated for 2 hours at room temperature 

and then the biotinylated-detection antibody was added. This antibody binds to the 

MCP-1, TGF-β1, IL-6 or IL-8 capture antibody complexes. After 1 hour of incubation and 

subsequent washes, an Avidin-HRP solution was added to each well and reactions with 

biotinylated-detection antibody were allowed to occur for 30 minutes. Finally, after the 

last wash step, a 3’,3’,5,5’-tetramethylbenzidine (TMB) solution was added as a substrate 

and the reaction produced a chromophoric product that prompted a colorimetric 

change. The reaction was then stopped with 2 N H2SO4 solution and the absorbance 

was read at 450 and 570 nm using PowerWaveTM XS (Biotek) microplate reader 

provided with Gen5 software. 

 For analyzing the data, absorbance values obtained at 570 nm were subtracted to 

the ones obtained at 450 nm in order to avoid possible interference, and the standard 

solutions were used to perform a calibration curve. Sample concentration values 

(pg/ml) obtained by the calibration curve were normalized considering total volume of 

supernatants collected and by the total protein determined in each well (pg/mg total 

protein). 

3.6. Determination of cell migration. Boyden chamber assay (Transwell) 

Cell migration was measured using a Boyden chamber-based cell migration assay, 

also called transwell migration assay. 24-well chemotaxis chambers with 5.0 μm pore 

diameter (Transwell, Corning Costar) were used for the experiments. Transwell 

chambers were precoated with 30 μl of fibronectin (0.2 μg/μl) to allow cell attachment 

in the experiments with THP-1 cells. THP-1 cell suspension (100 μl, 1 x 105 cells) were 

then added to the upper wells of the 24-well chemotaxis chambers in a serum free 0.2% 

fatty-acid free Bovine Serum Albumin (BSA) medium. Agonists were added to the lower 

wells diluted in 300 μl of the same medium. When used, inhibitors were added to the 

upper and lower wells and preincubated for 1 hour prior to agonist addition. The 

chambers holding the cells were then moved into agonist containing lower 

compartments. 
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Figure 5: Schematic representation of a Boyden chamber based cell migration assay, from 

Corning ‘instructions for use’ guide. 

 After the indicated incubation time, non-migrated cells were removed with a 

cotton swab, and the filters were fixed with para-formaldehyde (5% in phosphate-

buffered saline (PBS)) for 30 minutes. Then, para-formaldehyde was removed and the 

filters were stained with crystal violet solution (0.1% in PBS) for 20 minutes. After 

removing the dye with water, the filters were cleaned again with a cotton swab to 

remove any remaining non-migrated cells. Filters were then placed on microscope 

slides using mineral oil, avoiding bubbles between slides and coverslips. Cell migration 

was measured by counting the number of migrated cells in a Nikon Elipse 90i 

microscope equipped with the NIS-Elements 3.0 software. Cells were counted in 8 

randomly selected microscope fields per well, at 100x magnification. The number of 

migrated cells was normalized to the number of migrated cells in the control chambers.  

3.7. Small interfering RNA (siRNA) transfection 

 Small interfering RNAs (siRNAs) assemble into endoribonuclease containing 

complexes known as RNA-induced silencing complexes (RISCs). RISC is a multiprotein 

complex that incorporated one strand of small interfering RNA to be used as a 

template for recognizing complementary mRNA. When it finds a complementary 

strand, RISC activates a ribonuclease and cleaves the RNA. Cleavage of cognate RNA 

takes place near the middle of the bounded region by the siRNA strand. 

 After the cleavage of targeted mRNA, translation process cannot occur so that the 

expression of the targeted protein is inhibited or silenced.  
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Figure 6: The mechanism of RNA interference (RNAi) from Santa Cruz Biotechnology Inc. 

website.  

siRNA protocols were performed following the manufacturer’s instructions. 

2.7.1. A549 siRNA transfection with Oligofectamine 

 A549 cells were seeded in 60 mm plates (2 x 105 cells/well) in RPMI medium 

containing 10% FBS. After 5-6 hours, when cells were attached, the medium was 

replaced with 1600 μL Opti-MEM and cells were further incubated overnight. Then the 

siRNA was added following the procedure below: 

Solution A: 8 μl of Oligofectamine + 30 μl of Opti-MEM (mixed and incubated for 10 

minutes). 

Solution B: 20 μl of specific siRNA (20 μM stock) + 360 μl of Opti-MEM.  

Solution A was added to solution B and mixed gently by pipetting. The mixture was 

incubated at room temperature for 15 minutes and 400 μl of the siRNA mixture were 

then added into each well. Cells were incubated for 5 hours and then 2 ml of Opti-MEM 

containing 20% FBS was added, without removing the transfection mixture. Cells were 
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incubated in these conditions overnight. Finally medium was replaced by fresh RPMI 

medium supplemented with 10% FBS for some hours before cells were harvested and 

seeded for further experiments. Cells that had not been used were collected and lysed 

for protein quantification. The silencing efficiency was determined by western blot 

assay using specific antibodies against the silenced protein. 

2.7.2. 3T3-L1 siRNA transfection with Jetprime 

3T3-L1 pre-adipocytes were transfected with siRNA using Jetprime transfection 

reagent from Polyplus-transfection. Cells were seeded in 24-well (2.5 x 104 cells/well), 

12-well (5 x 104 cells/well) or 6-well (1.5 x 105 cells/well) plates in DMEM supplemented 

with 10% NBCS and incubated overnight. The next day siRNA transfection protocol was 

performed following manufacturer’s instructions transfecting 50 nM siRNA per well. 

Briefly, siRNA was mixed with reaction buffer and Jetprime reagent and incubated for 

10 minutes at room temperature before adding it to the cells. Cells were further 

incubated for 48 hours without medium removal and then adipogenesis was induced. 

At day 4 after the induction of adipogenesis cell samples were collected and gene 

silencing was analyzed by western blot using specific antibodies.  

3.8. Determination of CerK activity using NBD-Ceramide as a substrate 

A549 cells were seeded in 6-well plates (2 x 106 cells/well) and grown overnight in 

RPMI medium supplemented with 10% FBS. The next day, the medium was replaced 

with serum free medium and incubated for 2 hours. After that time the experiment 

conditions were set and cells were further incubated for the indicated time. Cells were 

washed twice with PBS, trypsinized and centrifuged at 200 g for 5 minutes. Cell pellet 

was then resuspended in 80 μl of homogenization buffer (20 mM HEPES pH 7.4; 150 mM 

NaCl; 1 mM DTT) supplemented with Protease Inhibition Cocktail (PIC) (1000:1). Cells 

were lysed by 3 freeze-thaw cycles and sonicated for cell disrupting with 4 cycles of 10 

seconds at 20% amplitude using Sonics VibracellTM VCX 130 sonicator. A fluorescent 

CerK assay, adapted for a microplate reader, was performed using the method 

described by Don and Rosen [3], with some modifications. Briefly, cell lysates (50-100 μg 

of total protein) were mixed with 100 μl of reaction buffer 2X (40 mM HEPES; 20 mM 

KCl, 30 mM CaCl2; 15 mM MgCl2, 20% glycerol; 2 mM DTT; 2 mM ATP; 0.4 mg/ml BSA) 

containing 20 μM of C6-NBD-Ceramide. The reactions were allowed to proceed for 20 

minutes in the dark at 35ºC before lipid extraction. Then, 250 μl chloroform:methanol 

(2:1) solution were added and samples were vortexed and centrifuged at 16000 g for 1.5 
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minutes. 100 μl of the upper aqueous phase were transferred to a black opaque 96-well 

plate and 100 μl dimethylformamide were added to each well. Fluorescence was 

measured using a Synergy HT (Biotek) plate reader equipped with Gen5 software. NBD 

fluorescence was quantified with a 495 nm excitation filter and 525 nm emission filter. 

Results were expressed relative to fluorescence of control samples.  

3.9. Tissue homogenization 

Approximately 350 mg of liver or lung tissue were put into a 10 ml-Douncer 

homogenizer along with 1.7 ml of ice-cold homogenization buffer containing 10 mM 

Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM DTT, 0.1 mM PMSF and protease 

inhibitor at a dilution of 1:1000.  Each sample was homogenized with 20 strokes with a 

motorized Potter-Elvehjem homogenizer and stored at -80ºC until used.  

3.10. Folch lipid extraction 

Tissue homogenates were sonicated to ensure their homogeneity before lipid 

extraction. About 1-2 mg of protein were extracted in a 15 ml threaded glass tube in 1 

ml of water. 4 ml of chloroform:methanol (2:1) were added, tubes were caped and 

vortexed for 1 minute. After vortexing samples were centrifuged 500 g for 10 minutes 

to separate organic and aqueous phases. Upper phases (aqueous) were aspirated and 

lower (organic) phases were transferred to clean tubes. Chloroform was dried down 

under nitrogen gas, vortexing occasionally to collect residues from the tube walls.  

3.11. Triglyceride measurement in plasma and liver tissue 

Liver triglycerides (TG) were measured using a commercial kit from Roche 

Diagnostics following manufacturer’s instructions. This assay provides a sensitive and 

easy way to measure TG concentration converting them to free fatty acids and glycerol. 

The glycerol is then oxidized using glycerol oxidase, and H2O2, one of the reaction 

products, is measured quantitatively in a peroxidase catalyzed reaction that produces a 

measurable color that can be read at 540 nm.  

Briefly, 200 μl of lipids in chloroform were transferred into a new tube and 1 ml of 

chloroform 2% Triton-X100 was added. Samples were dried down under nitrogen gas 

and lipids and detergent were resuspended in 1 ml of water. They were incubated at 

37ºC for 15 minutes, with regular vortexing. Around 150 μg of protein (approximately 50 μl of lipid sample) were used for the assay in 96-well plates. After mixing the assay 
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reagents as indicated in the kit instructions, absorbance was read at 540 nm and TG 

concentration was determined using the standard curve. Results were then normalized 

to mg of total protein.  

For plasma TG determination 10 μl of plasma samples were put directly into 96-well 

plates and the assay was performed following the same protocol.  

3.12. Thin-layer chromatography of lipids 

Chloroform-dissolved lipid samples were applied onto the origin line of 20x20 cm 

thin layer chromatography (TLC) silica gel 60 plates, which was set at 1.5 cm from the 

bottom of the plate. TLC plates were developed in Chloroform/Methanol/Acetic 

acid/Water (25/15/4/2,  by vol) until the solvent reached 10 cm from the origin. The 

excess of solvent was evaporated from the plate and lipid bands were visualized after 

staining in iodine vapor.  

3.13. Sensitive lipid phosphorus assay 

After TLC lipid separation, PC and PE bands were scratched from the TLC plate and 

put into new glass tubes. Standards and any aqueous samples were dried in a 180ºC 

heating block. 450 μl of 70% perchloric acid were added to each tube, covered, and 

heated at 180ºC for 1 hour. Later, 2.5 ml of water were added to each tube, along with 

0.5 ml of 2.5% (w/v) ammonium molybdate, vortexing samples immediately. Then 0.5 

ml of 10% ascorbic acid (w/v) were added, again vortexing each tube immediately after 

addition of the reagent. Tubes were then incubated in 95ºC water for 15 minutes, and 

absorbance was read at 820 nm after cooling and spinning down samples for 5 minutes 

at 400 g. Each phospholipid concentration was calculated using the standard curve.  

3.14. Total RNA isolation 

2.14.1. Total RNA isolation from cell cultures 

After the indicated treatment, cells were trypsinized, washed with PBS and 

collected by centrifugation.  Henceforth, the whole protocol must be done at 4ºC to 

ensure the correct RNA extraction. 800 μl of Easy blue reagent were added to the cell 

pellet, homogenized by pipetting up and down vigorously and incubated at room 

temperature for 5 minutes. 200 μl of chloroform were added to each sample and mixed 

by vortexing. After a 15 minute-centrifugation at 14000 g phases were separated and 

400 μl of the upper aqueous phase were collected in a new tube. The same volume of 
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isopropanol was added and RNA was precipitated by incubating the samples for 20 

minutes at -80ºC and centrifuging for 10 minutes at 14000 g. An additional wash step 

with ethanol 75% was done to remove any remaining salt from the sample. Finally, the 

RNA was dried, 25 μl of nuclease-free water were added and samples were quantified 

on Nanodrop. Samples were kept at -80ºC until used.  

2.14.2. Total RNA isolation from tissue 

RNA was isolated from mouse lung tissue using tryzol. Briefly, after mice were 

euthanized, tissue was harvested using Polytron tool and trizol. Then the tissue lysates 

were separated into 1 ml aliquots in RNA-free tubes, placed at room temperature for 5 

minutes to ensure the disruption of nucleoprotein complexes and centrifuged at 13000 

g for 10 minutes at 4ºC to remove fibrous material.  Supernatant was then transferred 

to a clean nuclease-free tube and 200 μl of chloroform were added to each sample. 

Lysates were then vortexed and incubated at room temperature for 5 minutes. After 

that, samples were centrifuged again at 13000 g for 15 minutes at 4 ºC. The upper 

aqueous phase was transferred to an RNAse-free tube and an equal volume of 

isopropanol was added to the collected aqueous phase. Then, tubes were vortexed and 

kept on ice for at least 15 minutes to allow RNA precipitation. The samples were then 

centrifuged at 13000 g for 15 minutes at 4 ºC. Supernatant was then carefully removed 

by pipetting, 1 ml of 75% ethanol prepared in nuclease-free water was added and 

samples were then gently mixed by pipetting. Samples were then centrifuged again at 

13000 g for 10 minutes at 4ºC. Supernatant was then removed and tubes were left to air 

dry for 5 minutes. Finally, 50 μl of nuclease-free water were added and samples were 

vortexed and kept on ice for 10 minutes. Isolated RNA was quantified using the ND-

1000 spectrophotometer (NanoDrop) and samples were then stored at -80 ºC until used. 

2.15. RT-PCR assay (cDNA synthesis) 

For retrotranscription protocol 1000 ng of RNA of each sample were used.  3 μl of 

random primers were added and the samples were incubated 5 minutes at 65ºC to let 

them anneal and then left on ice. Each RNA sample was then mixed in PCR tubes with 

4.3 μl of Reverse Transcription Master Mix solution, containing 2 μl of retrotranscription 

buffer (10x), 0.8 μl dNTP mix (25 mM), 0.5 μl of RNAse inhibitor and 1 μl 

retrotranscriptase. The samples were incubated 10 minutes at room temperature. 

Then, the retrotranscription step was performed for 1 hour at 42ºC and an extra step of 

10 minutes at 70ºC was done. Samples were then stored at -80ºC until used.  
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2.16. PCR assay 

For PCR assay 1 μl of each sample was added to 49 μl of master mix reaction 

containing: 5 μl of PCR buffer (10 x), 0.5 μl of Paq polymerase; 1 μl of each primer (from 

10 μM stock), 0.4 μl of dNTP mix (25 mM), and nuclease-free water to a total volume of 

50 μl.  

The PCR protocol was run as follows:  

Initial Denaturation  95ºC 10 min 

25-35 cycles 95ºC 

55-65ºC 

72ºC 

30 seg 

20 seg 

20 seg 

Final extension 72ºC 10 min 

Storage 4ºC hold 

 

The samples were then run in a gel red-stained 1% agarose gel for 30 minutes at 100 

V and the fragments were analyzed using a Chemidoc MP �Imaging System (BioRad). 

The intensity of the band of each sample was normalized to the intensity of the GAPDH 

band. 

2.17. Quantitative PCR (qPCR) assay  

For q-PCR, a cDNA template was diluted (1/100) in sterile dH2O and a master mix 

reaction was prepared. Each reaction contained: 0.8 μl forward and 0.8 μl reverse 

primers (from 10 μM stock), 10 μl qPCR Supermix containing SYBR Green, and 4.4 μl of 

sterile dH2O. The master mix solution was vortexed and 16 μl of this solution was 

dispensed into the wells of the PCR plate, which was placed in the aluminum PCR set up 

block, chilled on ice. 4 μl of diluted cDNA template was added into each well and a clear 

adhesive cover was positioned over the PCR plate so that it covered all the wells. The 

plate was then mixed using Eppendorf MixMate plate mixer for 1 minute. After mixing, 

the plates were centrifuged at 250 g  for 30 seconds in the Eppendorf desktop 

centrifuge using plate spinner buckets. Finally, quantitative real-time PCR (qPCR) was 

performed using Step One Plus qPCR system following a 3 step cycling protocol, which 

consists of an initial step at 94 ºC for 4 minutes, a cycling step at 94 ºC for 30 seconds 

(denaturation), 60 ºC for 30 seconds (annealing) and 72 ºC for 30 seconds (extension) 

and a final step at 72 ºC. The last cycle was followed by a melting curve analysis to 
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ensure that a reaction free of products has been performed. Diluted standard curves 

were used as external standards. The level of fluorescence emitted from SYBR green 

dye when incorporated to double-stranded DNA was detected.  

The mRNA expression of the samples was normalized to cyclophilin expression, 

and qPCR data were directly exported from Step One Plus qPCR machine.  

The following genes were measured: 

Target 

template 

 

FORWARD SEQUENCE 

 

REVERSE SEQUENCE 

CD36 TGGCTAAATGAGACTGGGACC ACATCACCACTCCAATCCCAAG 

NOX2 GACTGGACGGAGGGGCTAT ACTTGAGAATGGAGGCAAAGG 

HMOX1 AGGCTAAGACCGCCTTCCT TGTGTTCCTCTGTCAGCATCA 

CD68 GCGGCTCCCTGTGTGTCTGAT GGGCCTGTGGCTGGTCGTAG 

COL1A1 AGACATGTTCAGCTTTGTGGAC GCAGCTGACTTCAGGGATG 

ASMase TGCTGAGAATCGAGGAGACA GACCGGCCAGAGTGTTTTC 

CerS2 TGGCCCTGCTCTTTCTCGT GCTTGCCGCTGGTCTGGT 

CerS6 GGAGCTGTCATTTTATTGGTCTTT GGAACATAATGCCGAAGTCC 

Asah1 ACATTTGTGCCAAGTGGAAA TCAGGAAGGCTGCCAATC 

CerK ACGAGCAGCTGTGTCACCT GCAAGTGCTTCGGTCTTGA 

SPT1 GCTCCTTCGTGGTTGAC CTTATGGATGTTCTGGCATT 

UCP2 CATTGGCCTCTACGACTCTG GCCTGGAAGCGGACCTTTAC 

Cyclophilin TCCAAAGACAGCAGAAAACTTTCG TCTTCTTGCTGGTCTTGCCATTCC 

 

2.18. TBARS assay 

Oxidizing agents can alter lipid structure, creating lipid peroxides that result in the 

formation of malondialdehyde (MDA), which can be measured as Thiobarbituric Acid 

Reactive Substances (TBARS). The measure of TBARS is a commonly used method of 

determining the relative lipid peroxide content of samples. In the presence of heat and 

acid, MDA reacts with TBA to produce a colored end product that absorbs light at 530-

540 nm. The intensity of the color at 532 nm corresponds to the level of lipid 

peroxidation in the sample. 
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After liver tissue homogenization (described above) liver samples were diluted 1:20 

in homogenization buffer (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM DTT, 

0.1 mM PMSF and protease inhibitor at a dilution of 1:1000) to have approximately 1-1.5 

mg protein/ml. For TBARS measurement manufacturer’s instructions were followed. 

First, all samples were acid treated to make a clear solutions by precipitating interfering 

proteins and other substances for removal by centrifugation, and also to catalyze the 

TBARS reaction. Then, MDA standard curve was prepared. 150 μl of standards or 

samples were added to each well of a 96-well plate plus 75 μl of TBA reagent. The 

optical density of the microplate was pre-read at 532 nm. Then, the plate was covered 

and incubated at 45ºC for 2-3 hours for color development. After that time, the optical 

density of each well was read again at 532 nm. Pre-reading values were subtracted from 

the final reading values to correct for the sample's contribution to the final absorption 

at 532 nm, and results were expressed as nmol TBARS/mg protein in each sample.  

2.19. Cholesterol measurement 

Cholesterol esters in the serum are hydrolyzed to free cholesterol and fatty acids in 

a reaction catalyzed by cholesterol ester hydrolase. The cholesterol produced and the 

free cholesterol already present in the serum are oxidized in a reaction catalyzed by 

cholesterol oxidase that generates hydrogen peroxide. The formed hydrogen peroxide 

participates in quantitative oxidative condensation between 3,5-Dimethoxy-N-athyl-N-

(2-hydroxy-3-sulfopropyl)-aniline sodium salt (DAOS) and 4-aminoantipyrine in the 

presence of peroxidase. The product of the reaction is a blue pigment. The total 

amount of cholesterol in the sample is determined by measurement of the absorbance 

of the blue color at 600 nm.  

For total cholesterol measurement, manufacturer’s instructions were followed. 

Briefly, standard curve was prepared and 5 μl of either standard or plasma sample were 

added to a 96-well plate in duplicate. Then, 200 μl of assay color reagent (containing 

cholesterol ester hydrolase, cholesterol oxidase, peroxidase, 4-aminoantipyrine, 

ascorbate oxidase and DAOS) were added to each well and the plate was incubated at 

37ºC for 10 minutes. Then, absorbance was measured at 600 nm and 700 nm. 700 nm 

reading values were subtracted from 600 nm reading values and total cholesterol 

concentration was calculated using the standard curve. Results were expressed as mM 

of cholesterol in each sample.  
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2.20. Glutathione status measurement 

Glutathione (GSH) is a tripeptide that contains L-cysteine, L-glutamic acid and 

glycine. It is the smallest intracellular protein thiol molecule in the cells, which prevents 

cell damage caused by reactive oxygen species such as free radicals and peroxides. 

Glutathione exists in reduced (GSH) and oxidized (GSSG) states. GSH is a major tissue 

antioxidant that provides reducing equivalents for the glutathione peroxidase (GPx) 

catalyzed reduction of lipid hydroperoxides to their corresponding alcohols and 

hydrogen peroxide to water. In the GPx catalyzed reaction, the formation of a disulfide 

bond between two GSH molecules generates oxidized glutathione (GSSG). Glutathione 

reductase (GR) recycles GSSG to GSH with the simultaneous oxidation of β-

nicotinamide adenine dinucleotide phosphate (β-NADPH2). In healthy cells, >90% of the 

total glutathione pool is in the reduced form (GSH). When cells are exposed to 

increased levels of oxidative stress, GSSG accumulates and the ratio of GSSG to GSH 

increases. An increased ratio of GSSG-to-GSH is an indication of oxidative stress. 

Approximately 20 mg of liver or lung tissue were put into a 400 μl of ice-cold 

PBS/0.5% NP-40 and homogenized using a Dounce homogenizer with 10-15 passes.  

Samples were then centrifuged for 15 minutes at 4ºC at maximum speed to remove 

any insoluble material. Samples were kept on ice until used. For GSSG/GSH 

measurement manufacturer’s instructions were followed. Total glutathione, reduced 

glutathione and oxidized glutathione concentrations were obtained using the 

fluorimetric values obtained by reading the fluorescence of each sample at 490 nm 

excitation and 520 nm emission wavelengths using a fluorescence plate reader. Results 

were expressed as GSSG-to-GSH ratio as an indicator of oxidative stress.   

2.21. Adipocyte differentiation 

For effective differentiation of 3T3-L1 cells to mature adipocytes a previously 

described protocol was followed [4] .  

Briefly, cells were seeded in 96, 24, 12 or 6-well plates in normal growth medium (DMEM 

high glucose containing 10% of NBCS and 50 mg/l gentamicin). The next day, when the 

medium was replaced with fresh medium, cells had already reached confluence. 48 

hours later, cell differentiation was induced by changing the medium to DMEM high 

glucose containing 10% of FBS, 50 mg/l gentamicin, 0.5 mM 3-isobutyl-1-

methylxanthine (IBMX), 0.25 μM dexamethasone, 1 μg/ml insulin, and 2 μM 
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rosiglitazone. After 48 hours, on day 2 after the induction of differentiation, the 

medium was changed to DMEM high glucose containing 10% FBS, 50 mg/l gentamicin 

and 1 μg/ml insulin, and maintained for another 48 hours. This medium was further 

refreshed on days 5, 7 and 9 after the induction of differentiation. For undifferentiated 

3T3-L1 pre-adipocytes (control), the normal growth medium (DMEM containing 10% of 

NBCS and 50 mg/l gentamicin) was refreshed on days 2, 4, 5, 7 and 9.  

The differentiation process is easily visible. Intracellular lipid droplets start to 

appear at around day 4 after induction of adipogenesis and increased in both number 

and size over the following days. After 10 days almost all of cells cultured following the 

differentiation protocol contained lipid droplets of different sizes. In normal culture 

medium used for undifferentiated pre-adipocytes, only very few single cells showed 

small visible lipid droplets that did not change their size over time.  

2.22. Triglyceride measurement in cell culture 

3T3-L1 pre-adipocytes were cultured in 96-well plates (7 x 103 cells/well) and grown 

in DMEM supplemented with 10% NBCS. After the induction of adipogenesis 

triacylglicerides content was measured using an adipogenesis assay kit from Abnova. In 

this assay, triglycerides are efficiently solubilized, then hydrolyzed to glycerol, which is 

subsequently oxidized to convert the probe to generate color that absorbs at 570nm.  

For triglyceride (TG) testing, the manufacturer’s instructions were followed. Briefly, 

after differentiation, cells were washed with PBS and 100 μl of the lipid extraction 

solution per well were added. Then, plates were cover with an adhesive film to avoid 

evaporation and they were incubated in a heating block at 95ºC for 30 minutes. In order 

to ensure that triglycerides were completely dissolved in the lipid extraction buffer, 

plates were cooled while shaking. 50 μl/well of standard dilutions and 15 μl of the lipid 

extracts were transferred to the 96-well plate and assay buffer was added in order to 

bring the volume up to 50 μl. Then 2 μl of lipase were added to each well containing 

either sample or standard, mixed and incubated 10 minutes at room temperature so 

that TGs will be converted to glycerol and fatty acids. Then, 50 μl of the reaction mix (46 μl adipogenesis assay buffer+ 2 μl probe + 2 μl enzyme mix) were added to each well and 

incubated at 37ºC for 30 minutes in the dark. Finally, the absorbance values were read 

at 570 nm in a plate reader and TG concentration of each sample was calculated.  
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2.23. Oil Red O staining 

3T3-L1 pre-adipocytes were seeded in 24-well plates (6 x 104 cells/well) and grown 

in DMEM supplemented with 10% NBCS. After the induction of adipogenesis, in order to 

quantify accumulation of intracellular lipid droplets, an Oil Red O stock solution (3 

mg/ml of Oil Red O in isopropanol) was prepared. Cells were washed with PBS and 500 

μl of previously diluted Oil Red O solution (3 parts of Oil Red O stock solution mixed with 

2 parts of H2O) were added to each well, including control well without cells. Cells were 

then incubated with Oil Red O solution for 20 minutes at room temperature while 

gentle shaking. Then, cells were washed with water and after removal of the last wash 

stained plates were photographed under a conventional light microscope. Finally, 200 

μl of isopropanol (dye extraction solution) per well were added and shaken for 30 

minutes. Then, 50 μl of extracted dye were transferred into a 96-well plate and 

quantified by reading the absorbance at 510 nm in a plate reader. The dye extracted 

from the controls (wells without cells) represents non-specific binding of the dye to the 

plate. Thus, this value must be subtracted from the absorbance of experimental wells 

to obtain more accurate assessment of specific staining.  

2.24. Statistical analyses 

Results are expressed as the mean ± SEM of the number of independent 

experiments performed in duplicate or triplicate, as indicated in each case. Differences 

between means of each group were analyzed using two-tailed Student’s ݐ-test or two-

way ANOVA with Tukey’s post-hoc test for multiple comparison test, with level of 

significance set at p<0.05. 

Significance and symbols used: 

 

 

# symbol has been used instead of * symbol to compare inhibitor/agonist-treated 

conditions versus agonist-treated ones.  

Symbol Significance 

n.s. p>0,05; not significant 

* P<0,05; significant 

** P<0,01; significant 

*** P<0,001; significant 
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CHAPTER 1: 

Role of CerK/C1P in cigarette smoke-induced 

deleterious effects in lung cells 

 

 

1. INTRODUCTION 

1.1. Cigarette smoke and lung diseases 

Cigarette smoking has reached epidemic proportions worldwide and it is the most 

prevalent cause of many serious health disorders including respiratory diseases, cancer, 

and other pathologies related to kidney, liver, pancreas, and the cardiovascular system.  

 

Figure 1: Prevalence of tobacco smoking worldwide. Image taken from FUNDADEPS website. 

Cigarette smoke (CS) is a complex, dynamic and reactive mixture containing more 

than 7000 different chemicals. In spite of uncertainties concerning whether particular 

cigarette smoke constituents are responsible for specific adverse health outcomes, 

there is broad scientific agreement in several of the major classes of chemicals in the 

combustion emissions of burned tobacco are toxic and carcinogenic [1]. This toxic and 
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carcinogenic mixture is one of the leading causes of death and an important risk factor 

for several systemic and respiratory diseases. According to World Health Organization 

(WHO) estimates, 5.4 million premature deaths are related to tobacco smoking 

worldwide, and by 2025, if current trends continue, 10 million smokers are expected to 

die.  

Chronic CS exposure causes structural and functional changes in the respiratory 

tract but the mechanisms leading to those effects remain unclear. Long-lasting 

smoking can generate different pathologies including chronic obstructive pulmonary 

disease (COPD), epithelial cell tumors, cardiovascular disease, as well as an increased 

incidence of asthma and respiratory infections [2].  

 

Figure 2: The health consequences causally linked to smoking and exposure to secondhand 

smoke. Image taken from The U.S. Department of Health and Human Services (USDHHS).   

The respiratory epithelium is the main target of highly toxic CS. Chronic inhalation 

of CS alters the function of both the innate and the adaptive immune response. It has 

been shown that epithelial integrity and immunity is significantly affected by smoke 

exposure. CS is clearly detrimental to lung epithelium and mobilizes and activates 

alveolar macrophages producing pro-inflammatory mediators, reactive oxygen 

species, and proteolytic enzymes.  
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1.2. Chronic obstructive pulmonary disease (COPD) 

Chronic obstructive pulmonary disease (COPD) is characterized by persistent and 

progressive airflow limitation caused by chronic inflammation of the airways and lung 

parenchyma. The airflow limitation is associated with an enhanced chronic 

inflammatory response in the airways and lung tissue to harmful particles or gases [3], 

and is caused by the combination of chronic bronchitis and emphysema. Typically, the 

terms of chronic bronchitis and emphysema have been used to describe the two major 

clinical features of COPD. Chronic bronchitis results from chronic inflammation of the 

small and medium-size airways and leads to airflow limitation, dyspnea, chronic cough, 

and sputum production. Emphysema, on the other hand, is the result of the 

inflammatory processes that destroy elastic tissue in the terminal airspaces and lung 

parenchyma, resulting in loss of lung elastic recoil, airflow limitation, dyspnea, and 

hypoxemia. Depending on the anatomic location of lung tissue destruction, 

emphysema can be further characterized into panlobular emphysema, which involves 

predominantly lower lobes, or centrilobular emphysema, which involves the upper 

lobes, as a result of inflammatory destruction of the respiratory bronchioles. This last 

type of emphysema is most commonly associated with tobacco smoking [4].  

Figure 3: Schematic representation of chronic bronchitis and emphysema. Taken from 

National Jewish Health website.  

 Closely linked to smoking, COPD is a public health problem of epic proportions as it 

is the third leading cause of mortality and morbidity in the world [5].  Among smokers, 
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COPD and lung cancer commonly coexist, and the presence of COPD increases the risk 

of developing lung cancer [6].  

1.3. Cell migration 

 Cell migration is part of the inflammatory response. It is a complex process that 

requires strict coordination of the following steps: cell polarization, protrusion and cell 

adhesion. These processes are regulated by complex signaling networks initiated by 

integrins and other receptors. The regulation occurs through local, transient signals 

that retain polarity of the cell and drive local remodeling like actin polymerization, 

adhesion, actomyosin bundling and contraction, and microtubule dynamics. Actin 

filaments, microtubules, and cycling lipid vesicles span the cell and contribute to 

integrate the processes that mediate migration.  

 Cell migration is a key component for the homeostasis of the adult individual. 

Therefore, any cell migration failure, or inappropriate migratory movements, can result 

in severe defects such as immunosuppression, autoimmune diseases, defective wound 

repair, or tumor dissemination. Thus, understanding the mechanisms that support cell 

migration is essential for the development of new strategies for inflammation and 

cancer therapy. 

1.4. Monocyte chemoattractant protein-1 (MCP-1/CCL2) 

 The monocyte chemoattractant protein-1 (MCP-1 or CCL2) was the first discovered 

human C-C chemokine. Located on chromosome 17, human MCP-1 is a 13 kDa-protein 

composed of 76 amino-acids [7]. However, it can acquire different molecular mass by 

O-glycosylations. These changes on the MCP-1 molecule have been shown to slightly 

reduce its chemotactic potency.  Although monocyte/macrophages are thought to be 

the major MCP-1 source [8], this chemokine can also be produced by a variety of cell 

types, including endothelial cells, fibroblasts, smooth muscle cells, astrocytes, 

microglial cells and epithelial cells [9-12]. The expression of MCP-1 can be constitutive 

or induced by oxidative stress, cytokines, or growth factors.  

 MCP-1 regulates the migration and infiltration of monocytes, memory T 

lymphocytes, and natural killer (NK) cells, and thereby it is a potential intervention point 

for the treatment of various diseases, including multiple sclerosis, rheumatoid arthritis, 

atherosclerosis, insulin-resistance and diabetes [13-16].  MCP-1 mediates its effects 

through interaction with its receptor CCR2, and, unlike MCP-1, CCR2 expression is quite 
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restricted to certain cells types. There are two alternatively spliced forms of CCR2, 

named CCR2A and CCR2B, which differ only in their C-terminal tails. CCR2A is the major 

isoform expressed by mononuclear cells and vascular smooth muscle cells, whereas 

monocytes and activated NK cells express predominantly the CCR2B isoform [17].  

 Macrophages have been found to be increased in airways, lung parenchyma, 

bronchoalveolar lavage fluid (BALF), and sputum in patients with COPD, which 

correlates with the severity of the disease [18-20]. The increased number of 

macrophages in the lungs of patients with COPD are caused by increased recruitment 

of monocytes from the circulation in response to the monocytes-selective chemokines 

MCP-1 and CXCL1, which are increased in sputum and BALF in those patients [21].  

1.5. Lung cancer 

 Cancer is a hyperproliferative disorder that involves morphological cellular 

transformation, dysregulation of apoptosis, uncontrolled cellular proliferation, 

invasion, angiogenesis, and metastasis. Worldwide lung cancer is most commonly 

occurring cancer in men and the third most common cancer in women. About 2 million 

new cases were reported in 2018, which represents the 13.5% of all new cases of cancer, 

and it accounted for 1.8 million deaths in 2018 [22]. Small-cell (SCLC) and non-small-cell 

lung cancer (NSCLC) are the two main types of lung cancer. NSCLC accounts for up to 

85% of all lung cancer cases and it can be divided into three major subtypes: squamous 

cell carcinoma, adenocarcinoma and large-cell carcinoma [23, 24]. SCLC, on the other 

hand, accounts for up to 15% of all lung cancers, and it is characterized by aggressive 

biology, propensity for early metastasis and overall poor prognosis. 

 Smoking and secondary exposure to tobacco smoke are the main causes of lung 

cancer. Carcinogens in tobacco smoke and other inhaled particles can interact directly 

with the DNA of lung cells. Because the whole lung is exposed to inhaled carcinogens, 

several sites may accumulate different cancerous changes, leading to multiple cancers 

originating in different types of cells. Besides, clinical and epidemiologic studies 

suggest a strong association between chronic inflammation and the development of 

lung cancer, as it increases the risk of malignant transformation [25], as a response to 

exposure to irritants and repeated injury. Chronic cigarette smoking retard mucociliary 

clearance of foreign particulates and secretions that contribute to persistent 

inflammation, whereas the inhaled particles evoke strong lung and airway 

inflammatory responses [26].  
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1.6. Epithelial-to-mesenchymal transition (EMT) 

Epithelial to mesenchymal transition (EMT) is a biologic process by which an 

epithelial cell undergoes biochemical changes that promote the acquisition of a 

mesenchymal phenotype in response to external stressors or specific growth factors. A 

particular characteristic of EMT is the loss of cell adhesion, driven by the down 

regulation of epithelial markers, such as adherence protein E-cadherin, and the up 

regulation of mesenchymal markers including vimentin, fibronectin, and N-cadherin. 

Cells undergoing EMT gain functional characteristics of mesenchymal cells, like 

acquiring invasive potential and the ability to secrete matrix metalloproteinases 

(MMPs) and extracellular matrix (ECM) proteins.   

Figure 4: Epithelial-to-mesenchymal transition (EMT) process. Taken from [27]. 

 EMT is recognized as a central feature of normal tissue development. It takes part 

in different developmental and repair processes like implantation, embryo formation, 

and organ development as well as wound healing, tissue regeneration, and organ 

fibrosis. However, this process also occurs during tumor invasion and metastasis [28]. 

On progression to more aggressive tumor, cancer cells acquire qualities that enable 

them to invade neighboring tissues and to metastasize. The steps involved in 

metastatic dissemination include loss of cell-cell adhesion, increased motility and 

invasiveness, entry into and survival in the circulation, dispersion to distant anatomic 

sites, extravasation, and colonization of a distant organ [27]. Therefore, the 

mesenchymal and thereby more invasive phenotype and the subsequent colonization 

of distant tissues, far from the tissue of origin, have been areas of intensive research. 

 Although the EMT process can be induced and regulated by different growth and 

differentiation factors [29-32], transforming growth factor β1 (TGF-β1) has been 

identified as the major EMT inducer during embryogenesis, fibrosis and cancer 
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progression in different cancer cells [33]. Upon TGF-β1 treatment, epithelial cells 

change from cuboidal to elongated spindle shape, and show decreased expression of 

epithelial markers and enhanced expression of mesenchymal markers. These changes 

are accompanied by increased motility. Cancer cells often increase their production of 

active TGF-β1, which not only triggers EMT and allows the cells to become more 

invasive, but also enhances angiogenesis in close proximity to the tumor 

microenvironment, providing an exit route for migratory mesenchymal cells [34]. 

In this chapter, we sought to examine the deleterious effects elicited by CS in lung 

epithelial cells. More specifically, we sought to determine the implication of CerK/C1P in 

CS-induced inflammatory responses and EMT process, two of the main effects of 

cigarette smoking in lung tissue.  

 

2. RESULTS 

2.1. Exposure to CSE promotes MCP-1 but not VEGF, IL-8 or IL-6 cytokine 

release in A549 cells 

The effects of CS in cells were studied using CS extracts (CSE) that were prepared as 

outlined in the Materials and Methods section. To establish the optimal non-toxic 

concentration of CSE to be used in experiments, cell viability assays were performed 

using increasing concentrations of CSE and crystal violet to stain and count the cells. 

We wanted to expose cells to CSE as longer as possible avoiding toxicity, so we decided 

to test low concentrations in a 48-h treatment, since A549 cells maintained in a serum –

free medium for longer time periods started to die. As seen in figure 5, low 

concentrations of CSE for 48 h had no significant effect on cell viability. Based on these 

results, we decided to test the effect of 3% CSE on a 48-h treatment.  
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Figure 5: Low concentrations of CSE for 48 h have no effect on cell viability. A549 cells were 

seeded in 96-well plates (8000 cells/well) and treated with increasing concentrations of CSE for 

48 h. The cells were then stained with a solution of crystal violet as described in Materials and 

Methods. Results are expressed as the absorbance at 570 nm relative to control at 0 h and they 

are the mean ± SEM of 3 different experiments performed in triplicate. (***p<0.001; #p<0.05; 

##p<0.01). 

Cigarette smoke has been described as the main cause for several inflammatory 

diseases, such as COPD or asthma. To test the pro-inflammatory ability of CSE A549 

cells were treated with 3% CSE for 48 h and the concentration of different secreted 

cytokines were analyzed by ELISA. We observed that the release of vascular endothelial 

growth factor (VEGF), interleukin-8 (IL-8) or interleukin-6 (not shown) increased over 

time but CSE (3%) had no significant effect (Figure 6). 

0 24 48
0

1000

2000

3000
Vehicle
3% CSE

Time of treatment (h)

A B 



Chapter 1: Effects of cigarette smoke in lung epithelium. Role of CerK/C1P 
 

87 
 

Figure 6: CSE does not alter VEGF or IL-8 cytokine release in A549 cells. Cells were seeded in 

12-well plates (80000cells/well) and treated with 3% CSE for the indicated time. Cytokine release 

was measured using commercial ELISA kits as described in Materials and Methods. A) VEGF and 

B) IL-8 release of 3% CSE-treated cells. Results were normalized to total protein content in each 

well and they are expressed as mean ± SEM of 3 independent experiments performed in 

duplicate.  

An important chemokine also involved in inflammatory responses is monocyte 

chemoattractant protein-1 (MCP-1). Therefore, we tested to evaluate whether CSE had 

any significant effect on MCP-1 release. Figure 7 shows that MCP-1 release also 

increases with time, and interestingly CSE significantly enhanced MCP-1 release.  

 

Figure 7: CSE (3%) enhances MCP-1 release in A549 cells. Cells were seeded in 12-well plates 

(80000 cells/well) and treated with 3% CSE for the indicated times. MCP-1 release was measured 

using a commercial ELISA kit as described in Materials and Methods. Results were normalized to 

the total protein content in each well and they are expressed as mean ± SEM of 3 independent 

experiments performed in duplicate. (**p<0.01).  

2.2. CSE-treated A549 cells promote THP-1 monocyte migration 

Given the importance of MCP-1 as a chemoattractant cytokine for monocytes, we 

tested to see whether conditioned medium from CSE-treated A549 cells was able to 

stimulate monocyte migration. For this, human THP-1 monocytes were used. Cell 

migration was determined using a Boyden-chamber migration assay in which 

conditioned medium from untreated and CSE-treated A549 cells were placed in the 

lower chambers whereas THP-1 monocytes suspended in regular medium were seeded 

in the upper chambers.  Cell migration was determined after 24 h of incubation.  Figure 
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8 shows that A549 cell conditioned medium significantly stimulated THP-1 cell 

migration, thereby supporting our observation that CSE-induced MCP-1 release was 

causing the migration of THP-1 monocytes. 
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Figure 8: Conditioned medium from CSE (3%)-treated A549 cells promotes THP-1 cell 

migration. A549 cells were seeded in 12-well plates (80000 cells/well) and treated with 3% CSE 

for 48 h, as described in Materials and Methods. A549 cell conditioned medium was placed in the 

lower chambers of 24-well Boyden chamber plates, and THP-1 cells were seeded in regular 

medium in the upper chambers. Cell migration was assessed after 24 h of incubation. A) Number 

of THP-1 migrated cells per well using A549 untreated and 3% CSE-treated A549 cell conditioned 

medium as chemoattractant. B) THP-1 cell migration relative to controls. C) Representative 

micrographs of THP-1 migrated cells. All values are expressed as mean ± SEM of 7 independent 

experiments performed in duplicate. (**p<0.01).  

We next sought to determine whether conditioned medium from CSE-treated 

A549 cells was able to induce THP-1 monocyte differentiation into macrophages. For 

this, THP-1 cells were treated either with medium from non-treated A549 (vehicle) or 

with cell conditioned medium from cells treated with 3% CSE for 48 h. Macrophage 

differentiation was analyzed by determining the expression of the CD36 macrophage 

marker by Western-blotting. As shown in figure 9, conditioned medium from non-

treated A549 cells were already able to stimulate THP-1 macrophage differentiation but 
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this was significantly enhanced when conditioned medium from CSE (3%)-treated A549 

cells was used.  

CD36

GAPDH

 

Figure 9: Conditioned medium from CSE (3%)-treated A549 cells promotes THP-1 monocyte 

differentiation into macrophages. THP-1 cells were treated with 3% CSE or with conditioned 

medium from non-treated or CSE (3%)-treated A549 cells for 48 h. CD36 macrophage marker 

expression levels were analyzed by Western-blotting using specific antibodies. Equal loading of 

protein was assessed with an antibody against GAPDH. A) Representative western blot results. 

Similar results were obtained in each of 7 independent experiments. B) Quantification of A 

relative to control. All results are expressed as mean ± SEM of 7 independent experiments. 

(*p<0.05, #p<0.05).  

2.3. Signaling pathways implicated in CSE-enhanced MCP-1 release 

Previous work from our laboratory showed that MEK-ERK, PI3K-AKT, and ROCK1-2 

are relevant pathways implicated in MCP-1 release [35]. Therefore, we sought to 

determine whether these routes were important for regulation of MCP-1 release by 

CSE.  

To determine the implication of the MEK-ERK pathway in CSE-induced MCP-1 

release in A549 cells we performed gene silencing for MAPK1 (ERK2) and MAPK3 (ERK1) 

using gene specific siRNA for each independent kinase, as detailed in the Materials and 

Methods section. siRNA-targeted cells were seeded in 12-well plates and treated with 

3% CSE for 48 h. The culture medium was then analyzed for MCP-1 release using an 

ELISA kit. The results shown in figure 10 indicate that neither MAPK1 nor MAKP3 were 

implicated in CSE-induced MCP-1 release in these cells.  
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Figure 10: Neither MAPK1 nor MAKP3 are implicated in CSE-enhanced MCP-1 release in 

A549 cells. Cells were seeded in 60-mm dishes and siRNA treatment was performed using 

oligofectamine as transfection reagent as described in Materials and Methods. Cells were then 

trypsinized and counted. Gene silencing was checked by Western blotting. siRNA-targeted cells 

were seeded in 12-well plates (80000 cells/well) and treated with either vehicle or 3% CSE for 48 

h.  After that time, the supernatants were collected for determination of MCP-1 release using an 

ELISA kit.  A) and B) Representative western blot results showing the effective gene silencing by 

siRNA. Similar results were obtained in each of 4 experiments. C) and D) MCP-1 quantification by 

ELISA assay normalized to total protein. Results are expressed as mean ± SEM of 5 (for C) or 4 

(for D) independent experiments performed in duplicate. (*p<0.05, ***p<0.001). 

To determine the implication of the PI3K-AKT pathway in CSE-induced MCP-1 

release we performed gene silencing for p85α (PI3K regulatory subunit α), AKT1 and 

AKT2 in A549 cells. siRNA-targeted cells were then seeded in 12-well plates and treated 

with either vehicle or 3% CSE for 48 h. The culture medium was then analyzed for MCP-1 

release as indicated above. Figure 11A shows that p85α silencing did not significantly 

affect CSE-enhanced MCP-1 release. By contrast, knockdown of AKT2 significantly 

enhanced MCP-1 release both in non-treated and CSE-treated cells, suggesting that 
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AKT2 may have an inhibitory role in MCP-1 release (Figure 11C). However, silencing of 

AKT1 had no significant effect.  

 

Figure 11: AKT2 is implicated in CSE-enhanced MCP-1 release in A549 cells. Cells were 

seeded in 60-mm dishes and siRNA treatment was performed using specific siRNAs to silence 

the gene encoding p85α, AKT1and AKT2, as described in Materials and Methods. Cells were then 

trypsinized and counted. siRNA-targeted cells were seeded in 12-well plates (80000 cells/well) 

and treated with either vehicle or 3% CSE for 48 h. After that time, the supernatants were 

collected and MCP-1 was analyzed using an ELISA kit. A) MCP-1 quantification by ELISA assay 

normalized to total protein in p85α siRNA-targeted cells. Similar results were obtained in each of 

5 experiments performed in duplicate B) Representative western blot of the effective p85α 

silencing. GAPDH was used as protein loading control. Similar results were obtained in each 

experiment. C) MCP-1 quantification by ELISA assay normalized to total protein in AKT1 and 

AKT2 siRNA-targeted cells. D) Representative western blot showing the effective AKT1 and 

AKT2 silencing by siRNA. GAPDH was used as protein loading control. Similar results were 

obtained in each experiment. Results are expressed as mean ± SEM of 5 independent 

experiments performed in duplicate. (*p<0.05, **p<0.01). 
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We also studied the implication of ROCK1-2, as this is also a key regulatory 

pathway of cell migration. To determine the implication of this pathway in CSE-induced 

MCP-1 release we silenced both ROCK1 and ROCK2, and performed an ELISA assay to 

quantify cytokine levels after 3% CSE treatment for 48 h. As it can be observed in figure 

12A, ROCK1 but not ROCK2 inhibition strongly blocked MCP-1 release in A549 cells, 

suggesting that ROCK1 is necessary for regulation of this process.  

Figure 12: ROCK1 but not ROCK2 is implicated in CSE-enhanced MCP-1 release in A549 cells. 

Cells were seeded in 60-mm dishes and gene silencing was performed using oligofectamine as 

transfection reagent as described in Materials and Methods. Cells were then trypsinized and 

counted. siRNA-targeted cells were seeded in 12-well plates (80000 cells/well) and treated with 

either vehicle or 3% CSE for 48 h. After that time, the supernatants were collected and MCP-1 

was analyzed using an ELISA kit. A) MCP-1 quantification by ELISA assay normalized to total 

protein in ROCK1 and ROCK2 siRNA-targeted cells. B) Representative western blot of ROCK1 

and ROCK2 showing the effective gene silencing by siRNA. GAPDH was used as protein loading 

control. Similar results were obtained in each of 4 experiments. Results are expressed as mean ± 

SEM of 4 independent experiments performed in duplicate. (*p<0.05, **p<0.01). 

Besides the classical inflammatory components, our laboratory and others have 

previously shown that the Ceramide Kinase (CerK)/ceramide 1-phosphate (C1P) axis 

plays a critical role in inflammation. C1P is synthesized in the Golgi apparatus through 

phosphorylation of ceramide by CerK. Interestingly, both C1P and CerK have been 

demonstrated to exert both pro- and anti-inflammatory actions, depending on cell type 

[36]. To test if CerK/C1P was implicated in the enhancement of MCP-1 release by CSE, 

the CerK gene was silenced with specific siRNA. As seen in figure 13, CerK knockdown 

significantly enhanced MCP-1 release both in non-treated and CSE-treated cells, 
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suggesting that CerK may play an inhibitory role in MCP-1 release, thereby suggesting 

that it might act as anti-inflammatory factor under these conditions.  

 

Figure 13: Ceramide Kinase (CerK) is negatively implicated in CSE-enhanced MCP-1 release 

in A549 cells. Cells were seeded in 60 mm dishes and gene silencing was performed using 

oligofectamine as transfection reagent as described in Materials and Methods. Cells were then 

trypsinized and counted. RNA extraction was performed cells, followed by retrotranscription 

step and CerK gen silencing was confirmed by PCR. siRNA-targeted cells were seeded in 12-well 

plates (80000 cells/well) and treated with either vehicle or 3% CSE for 48 h. After that time, the 

supernatants were collected and MCP-1 was analyzed using an ELISA kit. A) MCP-1 

quantification by ELISA assay normalized to total protein in CerK siRNA-targeted cells. B) 

Separation in 1% agarose gel of PCR products using specific CerK primers showing effective 

CerK silencing. Expression of GAPDH was used as a protein loading control. Results are 

expressed as mean ± SEM of 4 independent experiments performed in duplicate. (*p<0.05, 

**p<0.01). 
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To support the hypothesis that CerK/C1P inhibits CSE-enhanced MCP-1 release, we 

pretreated the cells with exogenous C1P for 1 h prior to incubation with CSE. After 48 h, 

we performed an ELISA assay and quantified MCP-1 levels. Figure 14 shows that 

exogenous C1P was able to block CSE-enhanced MCP-1 release in A549 cells, pointing 

to an anti-inflammatory role of C1P in these cells, as previously suggested.  

Figure 14: Exogenous C1P blocks CSE-induced MCP-1 release in A549 cells. Cells were seeded 

in 12-well plates (80000 cells/well) and treated with either vehicle or exogenous C1P at different 

concentrations 1 h prior to 3% CSE induction. After 48 h, supernatant was collected and ELISA 

assays were assessed.  MCP-1 quantification by ELISA assay normalized to total protein in A549 

cells. Results are expressed as mean ± SEM of 4 independent experiments performed in 

duplicate. (*p<0.05, **p<0.01). 

Our group previously demonstrated the existence of a specific receptor for C1P. 

Binding of C1P to its receptor stimulated cell migration, and this effect was completely 

abolished by pretreatment of cells with pertussis toxin (Ptx), (a toxin from Bordetella 

pertussis) [37], suggesting that the receptor belongs to the Gi protein-coupled receptor 

family (GPCR). To test whether the inhibition of CSE-enhanced MCP-1 release by C1P 

was a receptor mediated effect A549 cells were pretreated cells overnight with Ptx 

before CSE addition. Figure 15 shows that this toxin partially reversed the inhibitory 

effect of C1P on MCP-1 release, suggesting that C1P was acting through interaction 

with a Gi protein-coupled receptor. 
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Figure 15: Ptx partially reverses the inhibitory effect of C1P on CSE-induced MCP-1 release 

in A549 cells. Cells were seeded in 12-well plates (40000 cells/well) and treated with either 

vehicle or 0.1 μg/ml Ptx overnight. The next day exogenous C1P was added 1 hour prior to 3% 

CSE induction. After 48 h, supernatant was collected and ELISA assays were assessed.  MCP-1 

quantification by ELISA assay normalized to total protein. Similar results were obtained in each 

experiment. Results are expressed as mean ± SEM of 6 independent experiments performed in 

duplicate. (*p<0.05, ***p<0.001). 

2.4. CSE treatment downregulates the expression of the epithelial marker E-

cadherin 

The transmembrane adhesion receptor E-cadherin is a transmembrane 

glycoprotein that establishes interactions with adjacent E-cadherin molecules 

expressed by neighboring cells, thereby forming the core of the epithelial adherent 

junctions (AJ). AJ are located adjacent to the tight junctions in the basolateral surface of 

epithelial cells, and connect to cytoskeletal microfilaments. AJ form a belt-like 

structure at the lateral interface of epithelial cells [38]. The cytoplasmic domains of E-

cadherin bind tightly to β-catenin, a cytoplasmic protein that interacts with α-catenin, 

which in turn anchors to the actin cytoskeleton [39]. Loss of E-cadherin is considered a 

hallmark event of the epithelial-mesenchymal transition (EMT) process, as it enables 

metastasis. E-cadherin acts by disrupting intercellular contacts thereby becoming an 

early step in metastatic cancer cell dissemination [40, 41]. However, loss of E-cadherin 

should not be considered, as the sole pivotal event in EMT, since blocking its expression 

does not induce full EMT [42, 43]. Regardless, loss or decrease of E-cadherin expression 

has recurrently been associated with poor prognosis and poor overall survival of 
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different types of cancer including gastric cancer [44], colon cancer [45] and breast 

cancer [46]. 

 Since exposure to tobacco smoke is one of the main causes of lung cancer, we 

sought to explore whether the exposure of A549 cells to CSE had any significant effect 

on the expression of E-cadherin. To do this, the cells were treated with 3% CSE for 24 

and 48 h and E-cadherin expression was analyzed by Western-blotting. As it can be 

observed in figure 16, treatment with 3% CSE significantly decreased E-cadherin 

expression in A549 cells, both at 24 and 48 h.  
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Figure 16: CSE downregulates E-cadherin expression. Cells were seeded in 6-well plates 

(200000 cells/well) and treated with either vehicle or 3% CSE for the indicated time periods. E-

cadherin expression levels were analyzed by Western-blotting using specific antibodies. Equal 

loading of protein was assessed with an antibody against GAPDH. A) Representative western 

blot results. Similar results were obtained in each experiment. B) Quantification of A relative to 

control at the beginning of the experiment. All results are expressed as mean ± SEM of 3 

independent experiments. (*p<0.05, **p<0.01). 

Loss of E-cadherin is an early step of the EMT process and, as pointed out 

previously, transforming growth factor-β1 (TGF-β1) is a major EMT inducer [33]. Hence, 

we tested to evaluate whether CSE-induced downregulation of E-cadherin was due to 

an increased secretion of TGF-β1 in CSE treated cells. To achieve this, TGF-β1 levels were 

measured in the supernatant of cells treated or not with 3% CSE. Both active and latent 

TGF-β1 levels were measured, but treatment with CSE did not stimulate TGF-β1 

secretion (Figure 17).  
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Figure 17: CSE does not stimulate TGF-β1 secretion in A549 cells. A549 cells were seeded in 

12-well plates (80000 cells/well) and treated with 3% CSE for the indicated time. Active (A) and 

latent (B) TGF-β1 secretion was measured using a commercial ELISA kit as described in Materials 

and Methods. Results were normalized to total protein content in each well. Results are 

expressed as mean ± SEM of 3 independent experiments performed in duplicate. 

2.5. Signaling pathways implicated in the loss of E-cadherin expression induced 

by CSE 

To investigate into the mechanisms by which CSE induces E-cadherin 

downregulation we studied the possible implication of various signaling pathways. 

Specifically, the MEK-ERK, PI3K-AKT, ROCK1-2 and CerK-C1P pathways were tested. 

Figure 18 shows that treatment with 3% CSE induced rapid phosphorylation of ERK1/2.  

 

 

 

 

 

 

Figure 18: CSE promotes rapid activation of ERK1/2 in A549 cells. Cells were seeded in 6-well 

plates (200000 cells/well) and grown overnight.  The next day, CSE (3%) was added to cells in 

culture and at the indicated time points, cells were harvested. ERK and p-ERK protein expression 

levels were analyzed by Western-blotting using specific antibodies. Equal protein loading was 
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assessed with an antibody against GAPDH. A) Representative western blot results. Similar 

results were obtained in each of 3 independent experiments. B) Quantification of A relative to 

control condition. All results are expressed as mean ± SEM of 3 independent experiments. 

(*p<0.05). 

In addition, CSE was able to sustain ERK1/2 phosphorylation at longer time periods. 

In particular, it was observed that ERK phosphorylation was still elevated at 24 and 48 h 

after treatment with CSE.  This late activation of ERK is in agreement with the 

downregulation of E-cadherin shown in figure 16.  

 

 

 

 

 

 

Figure 19: Treatment of A549 cells with CSE causes sustained ERK phosphorylation and this 

is concomitant with the loss of E-cadherin expression. Cells were seeded in 6-well plates 

(200000 cells/well) and treated with either vehicle or 3% CSE for the indicated time periods. E-

cadherin and p-ERK expression levels were analyzed by western blot using specific antibodies. 

Equal loading of protein was assessed with an antibody against GAPDH. A) Representative 

western blot results. Similar results were obtained in each of 3 independent experiments. B) 

Quantification of A relative to control at the beginning of the experiment. All results are 

expressed as mean ± SEM of 3 independent experiments. (*p<0.05, **p<0.01). 

To further confirm that ERK activation downregulates E-cadherin, the cells were 

pretreated with specific siRNAs to silence the genes encoding MAPK1 (ERK2) and 

MAPK3 (ERK1). The siRNA-treated cells were then seeded in 6-well plates and 

incubated with 3% CSE for 48 h. We found that MAPK1, but not MAPK3, was implicated 

in the loss of E-cadherin that was caused by treatment with CSE (Figure 20), suggesting 

that MAPK1 (ERK2) activation is necessary for CSE-induced loss of E-cadherin.  
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Figure 20: MAPK1, but not MAPK3, is necessary for CSE-induced loss of E-cadherin in A549 

cells. Cells were seeded in 60 mm dishes and gene silencing was performed using specific siRNAs 

to knockdown MAPK1 or MAPK3, as described in Materials and Methods. Cells were then 

trypsinized and counted. siRNA-targeted cells were seeded in 6-well plates (200000 cells/well) and 

treated with either vehicle or 3% CSE for 48 h. After that time cells were harvested and E-cadherin 

expression levels were analyzed by Western-blotting. Gene silencing was confirmed by measuring 

total ERK expression. Equal loading of protein was assessed with an antibody against GAPDH. A) 

and C) Representative western blot of E-cadherin and total ERK. GAPDH was used as protein 

loading control. Similar results were obtained in each experiment. B) and D) Quantification of A 

and C, respectively, relative to control. All results are expressed as mean ± SEM of 3 independent 

experiments. (*p<0.05, **p<0.01). 

We next sought to determine whether the PI3K-AKT pathway was involved in 

downregulation of E-cadherin. To do this, A549 cells were pretreated with specific 

siRNA to silence the genes encoding p85α, which is the regulatory subunit of PI3K, as 

well as the genes encoding AKT1 and AKT2. siRNA-targeted cells were then seeded in 6-

well plates and incubated with 3% CSE for 48 h. As shown in figure 21, when both p85α 

and AKT2 were silenced CSE-induced E-cadherin downregulation was more dramatic, 

indicating that the PI3K/AKT2 pathway favors the expression of E-cadherin.  
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Figure 21: The PI3K/AKT2 pathway is involved in the maintenance of E-cadherin expression 

in A549 cells. Cells were seeded in 60-mm dishes and gene silencing was performed using 

specific siRNAs to knockdown p85-α, AKT1 and AKT2, as described in Materials and Methods. 

Cells were then trypsinized and counted. siRNA-targeted cells were then seeded in 6-well plates 

(200000 cells/well) and treated with either vehicle or 3% CSE for 48 h. After that time cells were 

harvested and E-cadherin expression levels were analyzed by Western-blotting. Gene silencing 

was confirmed by measuring total p85α, AKT1 and AKT2 expression. Equal loading of protein 

was assessed with an antibody against GAPDH. A) Representative western blot of E-cadherin 

and p85α. GAPDH was used as protein loading control. B) Quantification of A relative to control. 

C) Representative western blot of E-cadherin. GAPDH was used as protein loading control. D) 

Quantification of C relative to control. E) Representative western blot to confirm the AKT1 and 

AKT2 gene silencing. GAPDH was used as protein loading control. Similar results were obtained 

in 3 independent experiments performed in triplicate. All results are expressed as mean ± SEM 

of 3 independent experiments. (*p<0.05, **p<0.01). 

Another pathway that could be implicated in CSE-induced E-cadherin expression is 

the ROCK pathway. To study this possibility both ROCK1 and ROCK2 genes were 

silenced using specific siRNAs prior to treatment of the cells with 3% CSE for 48 h. 
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However, figure 22 shows that neither ROCK1 nor ROCK2 are necessary for CSE-

induced loss of E-cadherin in A549 cells.  

 

 

 

 

 

 

 

 

 

 

 

Figure 22: Neither ROCK1 nor ROCK2 are necessary for CSE-induced loss of E-cadherin in 

A549 cells. Cells were seeded in 60-mm dishes and gene silencing was performed using 

oligofectamine as transfection reagent as described in Materials and Methods. Cells were then 

trypsinized and counted. siRNA-targeted cells were seeded in 6-well plates (200000 cells/well) 

and treated with either vehicle or 3% CSE for 48 h. Cells were then harvested and E-cadherin 

expression levels were analyzed by Western-blotting. Gene silencing was confirmed by 

measuring ROCK1 and ROCK2 expression. Equal loading of protein was assessed with an 

antibody against GAPDH. A) Representative western blot of E-cadherin in ROCK1 siRNA-

targeted cells. GAPDH was used as protein loading control. B) Quantification of A relative to 

control. C) Representative western blot of E-cadherin in ROCK2 siRNA-targeted cells. GAPDH 

was used as protein loading control. D) Quantification of C relative to control. E) Representative 

western blot to confirm ROCK1 and ROCK2 gene silencing. GAPDH was used as protein loading 

control. All results are expressed as mean ± SEM of 3 (for A) or 4 (for C) independent 

experiments. (# p<0.05) 
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Finally, we determine whether CerK was implicated in the loss of E-cadherin 

induced by CSE. Using specific siRNA to silence the gene encoding CerK it was observed 

that, it does not take part in CSE-induced loss of E-cadherin (Figure 23). 

Figure 23: CerK does not participate in CSE-induced loss of the E-cadherin in A549 cells. 

Cells were seeded in 60 mm dishes and gene silencing was performed using oligofectamine as 

transfection reagent as described in Materials and Methods. Cells were then trypsinized and 

counted. siRNA-targeted cells were seeded in 6-well plates (200000 cells/well) and treated with 

either vehicle or 3% CSE for 48 h. After that time cells were harvested and E-cadherin expression 

levels were analyzed by Western blotting. Gene silencing was confirmed by PCR using specific 

primers for CerK. A) Representative western blot of E-cadherin in CerK siRNA-targeted cells. 

GAPDH expression was used as protein loading control. B) Quantification of A relative to control. 

C) Confirmation of CerK silencing by PCR using specific primers against CerK. GAPDH expression 

was used as protein loading control. All results are expressed as mean ± SEM of 3 independent 

experiments. (# p<0.05).  

 Altogether, the data presented in this chapter demonstrate that CSE promotes 

MCP-1 release by lung epithelial cells leading to recruitment of monocytes. CSE-

induced MCP-1 release is mediated through the ROCK pathway. Interestingly, AKT2 and 

CerK may act as anti-inflammatory intermediates, as knockdown of any of these 

kinases enhances MCP-1 release in response to CSE. In this connection, exogenous C1P 

also blocks CSE-induced MCP-1 release, an action that occurs through interaction of 

C1P with a putative Gi protein-coupled receptor.  On the other hand, treatment of A549 
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cells with CSE causes downregulation of the epithelial marker E-cadherin. This effect 

seems to be mediated through the ERK pathway, and more specifically through 

MAPK1, which has been demonstrated to be essential for E-cadherin repression. By 

contrast, the PI3K/AKT2 pathway acts favoring the expression of E-cadherin in A549 

lung epithelial cells.   
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3. DISCUSSION 

 Inflammation is a combination of cellular and humoral reactions that defend the 

organism from infection and tissue damage. In response to tissue injury, a 

multifactorial network of chemical signals starts and maintains a host response 

designed to restore the affected tissue. This involves the activation and directed 

migration of leukocytes to sites of damage.  

COPD is an obstructive disease of the lungs that progresses leading to death from 

respiratory failure or comorbidities such as cardiovascular disease and lung cancer. It is 

associated with an enhanced chronic inflammatory response in the airways and lung 

tissue to harmful particles or gases, mainly the chronic exposure to CS or, particularly in 

developing countries, the inhalation of smoke from burning biomass fuels or other 

inhaled irritants. The inflammatory response in COPD involves both innate immunity 

(neutrophils, macrophages, eosinophils, mast cells, natural killer cells, and dendritic 

cells) and adaptive immunity (T- and B- lymphocytes) but also implicates the activation 

of structural cells, including alveolar epithelial cells, endothelial cells, and fibroblasts. In 

fact, many inflammatory mediators derived from inflammatory cells and structural 

cells of the airways and lungs are increased in COPD [47]. It seems that the primary 

event in CS cytotoxicity involves epithelial cells, which further activate immune cells to 

produce inflammation and a variety of time-dependent, morphological and functional 

alterations. Thus, CS and other irritants inhaled into the respiratory tract activate 

surface macrophages and airway epithelial cells to release multiple chemotactic 

mediators, specially chemokines, which attract and activate circulating neutrophils, 

monocytes, and lymphocytes into the lungs [48]. The profile of cytokine/chemokines 

persisting at an inflammatory site is important in the development of chronic disease. 

In this thesis we have explored the effects of cigarette smoke extracts (CSE) on the 

behavior of lung epithelial cells maintained in culture. We have demonstrated that 

cigarette smoke exposure promotes the release of MCP-1 by A549 lung epithelial cells. 

This action promotes the migration of THP-1 monocytes, which is associated with the 

inflammatory response. This observation has been previously reported [49-52]. 

However, we failed to observe the release of other pro-inflammatory cytokines.  

We found that liberation of MCP-1 to the culture medium was mediated by the 

ROCK pathway. The RhoA/ROCK pathway has attracted considerable attention in 
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various fields of research, especially in the cardiovascular field. In a study by Li et al. [53], 

the inhibition of ROCK by Fasudil, attenuated the high glucose-induced increase in 

MCP-1 expression in human umbilical vein endothelial cells (HUVECs), indicating that 

the inhibition of the Rho/ROCK pathway has the potential to protect against the 

diabetic inflammatory process in vessels. In another work by Rao et al. [54] the use of 

Fasudil ameliorated the accumulation of adhesion and infiltration of inflammatory cells 

in the glomerulus, indicating that inhibition of the RhoA/ROCK pathway had a 

protective effect on glomerular inflammation. Thus, it seems that this metabolic 

pathway contributes to the expression of chemokines relative to the inflammatory 

response.  

Another relevant observation in this thesis is that AKT2 and CerK may act as anti-

inflammatory intermediates, as silencing of the genes encoding these kinases 

enhances the release of MCP-1 in response to CSE.  In this connection, exogenous C1P 

also blocked CSE-induced MCP-1 release by the A549 cells, suggesting that it is an 

essential factor in the regulation of MCP-1 release. Interestingly, the effect of 

exogenous C1P could be inhibited by Ptx thereby indicating the intervention of a Gi 

protein-coupled receptor in this process. These findings indicate that C1P and CerK, the 

enzyme responsible for its biosynthesis, may act as anti-inflammatory agents in the 

lung. Although C1P has been mainly associated with pro-inflammatory responses in 

different cell types [35, 37, 55-58], there is a growing body of evidence pointing to an 

anti-inflammatory action of exogenous C1P in the lung. In the work by Baudiss et al. 

[59] exogenous C1P was demonstrated to inhibit CS-induced airway inflammation in 

mice. In human peripheral blood mononuclear cells C1P prevented the production of 

pro-inflammatory IL-6, IL-8 and IL-1β, thereby indicating that exogenous C1P also acts 

as an anti-inflammatory lipid mediator of some immune responses [60]. Moreover, the 

anti-inflammatory role of C1P has been recently highlighted in a model of dextran 

sodium-induced murine colitis, in which depletion of CerK enhanced the pathology of 

colitis and lethal responses in these animals [61-63]. Therefore, CerK/C1P may exert 

both pro- and anti-inflammatory depending on cell type. 

Clinical and epidemiologic studies have suggested a strong association between 

chronic infection, inflammation, and cancer [64-66]. Such observations suggest that 

chronic inflammation is involved in tumor initiation (the process by which normal cells 

are genetically altered to become malignant), promotion (the process by which small 

clusters of malignant cells are stimulated to grow), and progression (the process by 
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which growing tumors become more aggressive). Recent data from mouse models of 

human cancer have established that inflammation is a critical component of both 

tumor promotion and progression. The process by which a tumor cell becomes more 

aggressive is the epithelial to mesenchymal transition (EMT) course. This process is 

characterized by the loss of epithelial features such as the loss of the E-cadherin marker 

of epithelial cells, and the acquisition of mesenchymal features such as overexpression 

of the mesenchymal markers vimentin, fibronectin, or N-cadherin. In this context, we 

found that CSE is able to downregulate the expression of E-cadherin, although 

somehow surprising, this effect was not associated with increased TGF-β1 production. 

The implication of TGF-β1 in CSE-induced EMT is not fully established, as some reports 

show a direct link [67] and some others demonstrate the opposite [68]. The effect on E-

cadherin downregulation by CSE seems to be mediated by the ERK pathway, and more 

specifically through activation of MAPK1, whose depletion leads to increased levels of 

the epithelial marker. A similar observation has been previously reported by Tashiro et 

al. [69], who showed that the MEK inhibitor U0126 suppressed EGF-induced E-cadherin 

expression at the transcriptional level. Moreover, Li et al. [70] showed that decreased 

expression of MAPK1 could alter the EMT process by interfering with the expression of 

E-cadherin in HeLa cells, thereby inhibiting invasion and metastasis of these malignant 

cells. Similarly, constitutively active ERK inhibited E-cadherin promoter activity in 

SW480 colon cancer cells [71], and in vivo experiments demonstrated that lack of 

MAPK activity leads to stabilization of E-cadherin to adherent junctions, thereby 

strengthening intracellular adhesions in renal branching in mice [72]. Regarding the 

effects of cigarette smoke, it has also been shown that ERK1/2 inhibitors effectively 

attenuate CS-induced EMT in both human urothelial cells and mouse bladder tissue 

[73]. On another hand, the role of AKT in cell migration and metastases is not clear 

because of conflicting studies suggesting either positive or negative regulatory roles 

[74, 75]. In this thesis we have evidence suggesting that the, PI3K/AKT2 pathway acts 

favoring E-cadherin expression and stabilization in A549 lung epithelial cells, as 

knockdown of the genes encoding these kinases resulted in enhanced CSE-induced E-

cadherin downregulation.  

Taken together, the results presented in this chapter demonstrate that CSE 

promotes the release of the pro-inflammatory chemokine MCP-1, which attracts 

monocytes and facilitates their activation, thereby promoting an inflammatory 

response. In this context, ROCK1, but not ROCK2, seems to be a key regulatory enzyme 

necessary for CSE-induced MCP-1 release. However, AKT2 and CerK elicit opposite 
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effects, suggesting that they may act as anti-inflammatory intermediates. The results 

using exogenous C1P reinforce the notion that C1P inhibits inflammatory responses in 

the lungs. Moreover, it is demonstrated here that CSE promotes the loss of the 

epithelial marker E-cadherin, which would facilitate metastasis. This action is mediated 

by MAPK1 (ERK-2) but not MAPK3 (ERK-1). By contrast, the PI3K/AKT2 pathway 

promotes the maintenance of E-cadherin expression in A549 lung epithelial cells. It is 

now necessary to establish the anti-inflammatory role of exogenous C1P in the lung in 

order to develop novel therapeutic strategies to treat inflammation-associated lung 

diseases. In this context, our group previously showed that exogenous C1P reduced 

inflammation and emphysema in a chronic model of CS-induced lung inflammation in 

mice [59] and suggested that C1P may be used both as prophylactic and therapeutic 

agent [76].  

Figure 24: Working model for the effect of CSE in A549 lung epithelial cells.  
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CHAPTER 2: 

Implication of phosphatidylethanolamine 

N-methyltransferase in adipogenesis 

 

1. Introduction 

1.1. Adipogenesis 

Over the past decades, the adipose tissue has been defined as a dynamic organ 

implicated in several important physiological processes such as glucose metabolism, 

appetite, immunological responses, inflammation, angiogenesis, blood pressure 

regulation and reproductive function [1, 2]. The main cells present in adipose tissue are 

mature adipocytes. Adipogenesis is the differentiation process of fibroblast like pre-

adipocytes into mature lipid filled, insulin-responsive adipocytes. This highly controlled 

process can be divided into well-defined stages: (i) mesenchymal precursors, (ii) 

committed pre-adipocytes, (iii) growth-arrested pre-adipocytes, (iv) mitotic clonal 

expansion, (v) terminal differentiation and (vi) mature adipocytes. The latter stage is 

characterized by a large lipid droplet, which causes cell swelling so that the nucleus is 

displaced to the outer edge of the cell. The aberrant increase in fat mass observed in 

obese subjects is due to deregulation of the number (hyperplasia) and size 

(hypertrophy) of adipocytes.  

Adipogenesis has been studied extensively because of the increasing prevalence of 

obesity in our society. However, the mechanisms involved in pre-adipocyte 

differentiation and the establishment and progression of obesity remain largely 

unknown. In order to attain a successful differentiation into mature adipocytes, pre-

adipocytes need to achieve changes not only in their morphology but also in gene 

expression. Although the exact mechanisms that regulate the adipogenic process is not 

fully understood, some of the molecular pathways involved have been elucidated. Also, 
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some transcriptional factors have been identified as necessary to promote pre-

adipocyte differentiation. These include peroxisome proliferator-activated receptor 

(PPAR), CCAAT/enhancer-binding proteins (C/EBPs), single transducers and activators 

of transcription (STATs), and Kruppel-like factor (KLF) proteins, as well as some fatty 

acids, prostaglandins and glucocorticoids.  

Thus, decoding the mechanisms involved in adipogenesis is essential for understanding 

the processes that are implicated in the development and progression of obesity and 

obesity-related diseases. 

1.2. Obesity 

Overweight and obesity are defined as abnormal or excessive fat accumulation 

that may impair health. The rise of the obesity epidemic seemed to begin in most high-

income countries in 1970s and, since then, most middle-income and many low-income 

countries have joined the global trend in obesity prevalence in adults and children. The 

worldwide prevalence of obesity nearly tripled between 1975 and 2016. By then, an 

estimated 1.9 billion adults were overweight. Of these, more than 650 million adults 

were obese. Overall, about 13% of the world’s adult population was obese. Furthermore, 

it is estimated that over 340 million children aged 5-19 were overweight or obese in 

2016.  

Overweight and obesity are linked to more deaths worldwide than underweight. 

Raised body mass index (BMI) is an essential risk factor for various metabolic diseases 

such as hypertension [3], dyslipidemia [4], type II diabetes (T2D) and insulin resistance 

(IR)[5-7], non-alcoholic fatty liver disease [8, 9], cardiovascular diseases [10-13], and 

certain forms of cancer [14-16], which increase obesity-associated morbidity and 

mortality.  

From a biochemical point of view, obesity is the result of an imbalance where 

energy intake exceeds energy expenditure over time. This energy excess leads to 

triglyceride accumulation, which is associated with local and systemic chronic state of 

low-grade adipose tissue inflammation. This inflammatory state is characterized by an 

increase of immune cell infiltration into obese adipose tissue and increased production 

and secretion of pro-inflammatory factors into the bloodstream. Adipocytes secrete a 

number of protein factors known as adipokines that play critical roles in the regulation 

of glucose and lipid metabolism and immune responses [17, 18]. Alterations in 
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adipokine levels and chronic inflammation in the adipose tissue exert profound effects 

on metabolic pathways, leading to the development of metabolic disorders [19, 20]. 

Therefore, understanding the mechanisms that control adipogenic differentiation and 

triglyceride accumulation would be an effective approach for developing new 

strategies for prevention and treatment of obesity-related diseases.   

1.3. Differentiation of pre-adipocytes into mature adipocytes  

One of the most extensively characterized and widely used cell system for studying 

adipogenesis is the 3T3-L1 mouse pre-adipocyte cell line. These cells are derived from 

Swiss 3T3 mouse embryos and require a glucocorticoid-supplemented differentiation 

cocktail for induction of adipogenesis [21-23]. 3T3-L1 fibroblasts undergo cell 

differentiation to mature adipocytes when treated with adipogenic induction medium 

(AIM), which consists of DMEM, 10% FBS and an adipogenic cocktail (0.5 mM 3-isobutyl-

1-methylxanthine (IBMX), 1 μg/ml insulin, 0.25 μM dexamethasone and 2 μM 

rosiglitazone) [22-24]. IBMX is a non-competitive selective phosphodiesterase inhibitor 

that raises intracellular cAMP levels. Dexamethasone is a synthetic glucocorticoid 

receptor (GR) agonist, and rosiglitazone works as an insulin sensitizer by binding to the 

PPAR in fat cells making them more responsive to insulin [24]. These pro-adipogenic 

compounds initiate the differentiation program, which starts with the phosphorylation 

of cAMP Response Element-Binding protein (CREB) that will then activate the 

expression of CCAAT/Enhancer Binding Protein beta (C/EBP-β). C/EBP-β acquires DNA-

binding activity to facilitate several rounds of post confluent mitosis, referred to as 

mitotic clonal expansion (MCE), a required step for terminal differentiation. When cells 

exit the cell cycle they suffer deep phenotypical changes leading to homogeneous 

population of spherical, and lipid droplet-filled cells that are morphologically and 

biochemically similar to in vivo differentiated adipocytes.  

1.4. The adipogenic transcriptional network 

Adipogenesis is usually described as a cascade of genetic events that can be 

divided into two stages. The first stage includes the transient activation of C/EBP-β and 

C/EBP-δ, induced by the hormonal adipogenic cocktail [25], which allows the expression 

of multiple cell-cycle related genes to facilitate mitotic clonal expansion (MCE), a 

required step for terminal differentiation. In this phase, cells lose their fibroblast 

morphology to acquire a round shape. C/EBP-β and C/EBP-δ are also responsible for the 

initiation of the second stage, where PPAR-ɣ and C/EBP-α will be activated. These two 
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factors are considered the master transcriptional regulators of the adipogenic process. 

PPAR-ɣ and C/EBP-α initiate a positive feedback to induce their own expression and 

also activate a large number of downstream target genes whose expression will 

determine the adipocyte, such as acetyl CoA carboxylase, important in the fatty acid 

synthesis pathway, the glucose transporter GLUT4, or the fatty acid binding proteins 

(FABPs). Throughout this process, small lipid droplets start to appear within the cell, 

which will end up merging to form large lipid droplets that will comprise almost the 

whole cell.  

 

Figure 1: Transcriptional regulation of adipocyte differentiation. Once adipogenesis is 

induced by hormonal adipogenic cocktail, C/EBP-β and C/EBP-δ promote the activation of 

multiple cell cycle-related genes and delay the expression of C/EBP-α and PPAR-ɣ to ensure MCE 

phase, a required step for further terminal differentiation. When MCE phase is completed the 

expression of C/EBP-α and PPAR-ɣ as well as their downstream target genes is allowed, thereby 

leading to mature adipocyte formation. Adapted image from [1].  

1.5. The CerK/C1P axis in adipogenesis 

Sphingolipids and sphingolipid-related enzymes have emerged as key regulators of 

vital cellular processes including cell growth, differentiation, or cell death, and it has 

also been shown that some of them take part in inflammatory responses and 

inflammation-associated diseases including cardiovascular diseases, cancer, and 

obesity.  

Among the sphingolipid family, ceramides have been implicated in insulin 

resistance leading to type II diabetes, and sphingosine and sphingosine kinase are 
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altered in the obese state [26, 27]. Previously, our laboratory has demonstrated that 

Ceramide Kinase (CerK) expression and activity increase during the differentiation of 

pre-adipocytes, and that CerK knock-down results in impaired adipogenesis [22]. In 

concordance with our previous results, it has been established that cellular ceramide 

levels are inversely correlated with adipocyte differentiation [28].  In addition, it has 

been shown that CerK deficiency improves diet-induced obesity and insulin resistance 

in mice [29]. Thus, these data point to a putative role of ceramide kinase in the onset 

and development of obesity.  

More recently, our group showed that administration of exogenous C1P to cells 

undergoing adipocyte differentiation causes a significant reduction in the levels of TG, 

which was concomitant with a significant decrease in leptin release and PPAR-ɣ 

expression, pointing to a possible anti-adipogenic action of exogenous C1P [30]. 

1.6. The role of PEMT in adipogenesis 

Phosphatidylethanolamine N-methyltransferase (PEMT) is a small integral 

membrane protein (~ 22 kDa isoform 1, and ~ 27 kDa isoform 2) that catalyzes the 

production of phosphatidylcholine (PC) via three sequential methylation of 

phosphatidylethanolamine (PE) using S-adenosylmethionine as a methyl donor. 

Despite being predominantly expressed in the liver, PEMT activity has also been 

demonstrated in other tissues, including the adipose tissue, in which PEMT expression 

was induced by feeding mice with a high fat diet (HFD) [31, 32]. A possible role of PEMT 

in obesity and obesity-associated disorders was first suggested by Vance and co-

workers based on in vitro and in vivo assays. Interestingly, PEMT deficient mice were 

found to be protected against obesity and insulin resistance [33-35]. In humans, it has 

been established that obese subjects show transcriptional upregulation of the Pemt 

gene [36]. In vitro, PEMT was demonstrated to be important in lipid droplet formation 

and processing and to be actively involved in maintaining a stable lipid droplet 

phenotype in adipocytes [32]. However, the possible implication of PEMT in 

adipogenesis and adipocyte biochemistry has not been fully studied.  

Thus, the aim of this chapter was to evaluate whether PEMT is implicated in 

adipocyte differentiation, and to investigate whether this enzyme is related to 

CerK/C1P in the process of adipogenesis. 
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2. RESULTS 

2.1. PEMT is upregulated during adipogenesis 

The implication of PEMT in adipogenesis was tested using 3T3-L1 mouse pre-

adipocytes (fibroblast phenotype). Cell differentiation was induced by incubation of the 

pre-adipocytes with AIM for up to 9 days (see Materials and Methods section). Western-

blotting revealed that the adipocyte markers PPAR-ɣ, perilipin-1 and adiponectin, were 

overexpressed during the adipogenic process (Fig. 2).  

Figure 2: Adipocyte marker expression increased during pre-adipocyte differentiation. 3T3-

L1 cells were seeded in 6-well plates (2 x 105 cells/well) in DMEM containing 10% NBCS. 48 h post 

confluence, cells were differentiated up to day 9 as described in Materials and Methods. Cells 

were harvested at indicated time points and protein expression was analyzed by western 

blotting. A) PPAR-ɣ, adiponectin and perilipin 1 expression was detected by western blotting 

using specific antibodies. GAPDH was used as protein loading control. Similar results were 

obtained in 5 independent experiments. B, C and D) Quantification of A normalized to total 

protein and relative to non-differentiated control. Data are expressed as arbitrary units of 

intensity relative to GAPDH and are the mean ± SEM of 5 different experiments. 

PPAR-γ

Adipogenesis days

R
el

at
iv

e 
in

te
ns

ity
(fo

ld
 c

ha
ng

e)

0 2 4 7 9
0

5

10

15

***
***

**

*

Adiponectin

Adipogenesis days

R
el

at
iv

e 
in

te
ns

ity
(fo

ld
 c

ha
ng

e)

0 2 4 7 9
0

20000

40000

60000

80000

100000

Perilipin

R
el

at
iv

e 
in

te
ns

ity
(fo

ld
 c

ha
ng

e)

0 2 4 7 9
0

500

1000

1500

Adipogenesis days

*
**

*

A B

C D

0     2    4    7    9       Days

AIM

GAPDH

PPAR-

Adiponectin

Perilipin-1

γ



Chapter 2: Implication of PEMT in adipogenesis 
 

125 
 

A relevant observation was that the protein levels of PEMT were also upregulated 

during adipogenesis (figure 3). Maximal PEMT expression occurred at day 7. 

Noteworthy, the PEMT isoform that was upregulated during cell differentiation was 

PEMT-2, not the canonical PEMT isoform.  

Figure 3: PEMT-2 expression increases during adipogenesis. 3T3-L1 cells were seeded in 6-

well plates (2 x 105 cells/well) in DMEM containing 10% NBCS. 48 h post confluence, cells were 

differentiated up to day 9 as described in Materials and Methods. Cells were harvested at 

indicated time points and protein expression was analyzed by western blotting. A) PEMT 

expression was detected by western blotting using specific antibody and GAPDH was used as a 

protein loading control. Similar results were obtained in 5 independent experiments. B) 

Quantification of A normalized to total protein and relative to non-differentiated control. Data 

are expressed as arbitrary units of intensity relative to GAPDH and are the mean ± SEM of 5 

different experiments. 

2.2. PEMT contributes to lipid storage in 3T3-L1 cells 

The implication of PEMT in adipogenesis was studied using specific siRNA to silence 

the gene encoding this enzyme (please see the Materials and Methods section). Protein 

expression was analyzed by western-blotting 4 days after induction of cell 

differentiation. Figure 4 shows that PEMT was efficiently silenced using this method.  
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Figure 4: PEMT siRNA efficiently downregulates PEMT protein expression in 3T3-L1 cells. 

Cells were seeded in 6-well plates (2 x 105 cells/well) in DMEM containing 10% NBCS and 

transfected with PEMT siRNA as described in Materials and Methods. 48 h after gene silencing, 

cells were differentiated until day 4. On day 4 after induction of differentiation, cells were 

harvested and PEMT expression was analyzed by western blotting. A) PEMT was detected by 

western blotting using specific antibody and GAPDH was used as a protein loading control. 

Similar results were obtained in 4 independent experiments. B) Quantification of A normalized 

to total protein and relative to control. Data are expressed as arbitrary units of intensity to 

GAPDH and are the mean ± SEM of 4 different experiments. (#p<0.05).  

To test whether PEMT was involved in adipogenesis, the content of lipid droplets 

was determined in cells where Pemt was silenced with specific siRNA. The content of 

lipid droplets was determined at day 7 of differentiation when droplets are abundant 

within the cells. Lipid droplets were visualized using a conventional light microscope 

after staining with Oil red O and were subsequently quantified. In addition, the 

triglyceride (TG) content was determined using a commercial kit, as indicated in the 

Materials and Methods section. Figure 5 shows that PEMT silencing effectively blocked 

lipid droplet formation and triglyceride accumulation in 3T3-L1 cells, indicating that 

PEMT plays a key role in adipogenesis.  

 
A 
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Figure 5: PEMT siRNA inhibits 3T3-L1 cell differentiation. 3T3-L1 cells were seeded in 24-well 

plates in DMEM containing 10% NBCS and transfected with Pemt siRNA as described in Materials 

and Methods. 48 hours after gene silencing differentiation was induced up to day 7th. A) On day 7 

after induction of differentiation, lipid droplets were visualized and micrographs were taken. B) 

On day 7 after induction of differentiation, cells were stained with Oil red O as described in 

Materials and Methods and lipid droplets were visualized under a conventional light microscope. 

C) Lipid droplets in B were quantified measuring the absorbance of each well at 510 nm. 

Absorbance of empty wells without cells was subtracted to the values. Data are expressed as the 

means ± SEM of 8 different experiments performed in duplicate (*p<0.05). D) On day 7 after 

induction of differentiation, triglycerides were measured using a commercial kit as described in 

Materials and Methods. (GM: growth medium; AIM: adipogenesis induction medium). Results are 

expressed as the means ± SEM of 4 different experiments performed in duplicate. (*p<0.05). 

2.3. PEMT knockdown results in reduced adipocyte marker expression. 

As mentioned earlier, during the adipogenic process there is upregulation of PPAR-

ɣ, adiponectin and perilipin-1. So, to further support the role of PEMT in adipocyte 

differentiation, the levels of these adipocyte markers were analyzed by Western-

blotting after PEMT silencing. Figure 6 shows that PEMT knockdown was accompanied 
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by significant reduction of PPAR-ɣ, adiponectin and perilipin-1 expression thereby 

supporting the notion that PEMT plays a fundamental role in adipogenesis.  

Figure 6: PEMT silencing reduces adipocyte marker expression in 3T3-L1 differentiated 

cells. 3T3-L1 cells were seeded in 6-well plates (2 x 105 cells/well) in DMEM containing 10% NBCS 

and transfected with PEMT siRNA as described in Materials and Methods. 48 h after gene 

silencing, cells were differentiated until day 4. On day 4 after induction of differentiation, cells 

were harvested and protein expression was analyzed by western blotting. A) PPAR-ɣ, 

adiponectin and perilipin-1 expression was detected by western blotting using specific 

antibodies and GAPDH was used as a protein loading control. Similar results were obtained in 4 

independent experiments. B, C and D) Quantification of A normalized to total protein and 

relative to each control. Data are expressed as arbitrary units of intensity relative to GAPDH and 

are the mean ± SEM of 5 different experiments. (#p<0.05; ##p<0.01). 

2.4. PEMT knockdown reduces leptin release 

Leptin is a hormone secreted by mature adipose cells that helps to regulate energy 

balance and fat storage. To further confirm that PEMT plays a key role in adipogenesis, 
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the levels of leptin were measured in adipocytes that were treated or not with specific 

siRNA to silence PEMT. Figure 7 shows that PEMT silencing significantly reduced leptin 

release in differentiated 3T3-L1 cells, which is consistent with the implication of PEMT in 

adipogenesis.  

 

Figure 7: PEMT silencing reduces leptin release in 3T3-L1 differentiated cells. 3T3-L1 cells 

were seeded in 24-well plates in DMEM containing 10% NBCS and transfected with Pemt siRNA 

as described in Materials and Methods. 48 hours after gene silencing, differentiation was induced 

up to day 7. On day 7 after induction of differentiation, culture medium was collected, 

centrifuged and leptin concentration on the supernatant was measured using ELISA kit, as 

described in Materials and Methods. Results are the mean ± SEM of 8 different experiments 

performed in duplicate (#p<0.05).  

2.5. PEMT knockdown does not alter ceramide kinase activity 

Our laboratory recently showed that expression of ceramide kinase (CerK), the 

enzyme that produces ceramide 1-phosphate (C1P) from ceramide intracellularly, was 

upregulated and activated during adipogenic differentiation, and that knockdown of 

CerK resulted in impaired adipogenesis [22]. Therefore, it was hypothesized that PEMT 

expression might be related to CerK activity. To test the hypothesis, PEMT was silenced 

in 3T3-L1 cells and adipogenesis was induced up to day 7, when the peak of CerK 

expression was maximum [22]. As shown in figure 8, PEMT silencing did not alter CerK 

activity, indicating that if there was a connection between PEMT and CerK, PEMT would 

not be an upstream factor. However, the expression of PEMT is significantly decreased 

by C1P, as shown below, which indicates that PEMT may be a downstream effector of 

CerK/C1P. 
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Figure 8: PEMT silencing does not alter ceramide kinase activity. 3T3-L1 cells were seeded in 

6-well plates (2 x 105 cells/well) in DMEM containing 10% NBCS and transfected with Pemt siRNA 

as described in Materials and Methods. 48 hours after gene silencing, differentiation was induced 

up to day 7. On day 7 after induction of differentiation, cells were collected and ceramide kinase 

activity assay was performed as described in Materials and Methods. (GM: growth medium; AIM: 

adipogenesis induction medium). Results are the mean ± SEM of 4 different experiments 

(*p<0.05). 

2.6. Exogenous C1P inhibits PEMT expression and adipogenesis 

Another relevant finding in this work was that C1P substantially decreased PEMT 

expression. We observed that treatment of cells with 20 μM C1P decreased both PEMT 

and PPAR-ɣ expression suggesting, that C1P may exert its anti-adipogenic role, at least 

in part, by interfering with PEMT expression (Figure 9).   
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Figure 9: Exogenous C1P reduces PPAR-ɣ and PEMT expression. 3T3-L1 cells were seeded in 

6-well plates (2 x 105 cells/well) in DMEM containing 10% NBCS. 48 h post confluence, cells were 

differentiated with or without the presence of 20 μM C1P up to day 4. Cells were then harvested 

and protein expression was analyzed by western blotting. A) PPAR-ɣ and PEMT expression was 

detected by western blotting using specific antibodies and GAPDH was used as a protein loading 

control. Similar results were obtained in 3 independent experiments. B) Quantification of A 

normalized to total protein and relative to each control. (GM: growth medium; AIM: adipogenesis 

induction medium). Data are expressed as arbitrary units of intensity relative to GAPDH and are 

the mean ± SEM of 3 different experiments (*p<0.05). 

2.7. PEMT is necessary for ERK and AKT deactivation during adipogenesis 

Different reports, including work from our own laboratory, have previously 

suggested a role of MAPKs in adipogenesis.  

Investigation into the mechanism by which PEMT silencing inhibited adipogenesis 

pointed to a possible role of ERK1-2 in this process. Figure 10 shows a sharp decrease in 

ERK1-2 phosphorylation throughout the differentiation process, suggesting that 

deactivation of these kinases is associated with adipogenesis, which was consistent 

with our previous work [30]. 
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Figure 10: ERK is deactivated during adipogenesis. 3T3-L1 cells were seeded in 6-well plates (2 

x 105 cells/well) in DMEM containing 10% NBCS. 48 h post confluence, cells were differentiated 

up to day 9. Cells were harvested at indicated time points and protein expression was analyzed. 

A) ERK and p-ERK expression was detected by western blot using specific antibodies and 

GAPDH was used as a protein loading control. Similar results were obtained in 3 independent 

experiments. B) Quantification of A normalized to total protein and relative to non-

differentiated cells. Data are expressed as arbitrary units of intensity relative to GAPDH and are 

the mean ± SEM of 3 different experiments. 

By contrast, ERK1-2 phosphorylation was increased in PEMT knockdown cells 

(figure 11), thereby reinforcing the notion that ERK1-2 are essential in adipogenesis and 

that at least part of the mechanism by which PEMT knockdown inhibits adipocyte 

differentiation involves the activation of these kinases.  
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Figure 11: PEMT knockdown induces ERK activation in 3T3-L1 cells. 3T3-L1 cells were seeded 

in 6-well plates in DMEM containing 10% NBCS and transfected with Pemt siRNA as described in 

Materials and Methods. 48 hours after gene silencing, differentiation was induced up to day 4. 

Cells were then harvested and protein expression was analyzed by western blotting. A) ERK and 

p-ERK expression was detected by western blotting using specific antibodies and GAPDH was 

used as a protein loading control. Similar results were obtained in 4 independent experiments. 

B) Quantification of A normalized to total protein and relative to control. Data are expressed as 

arbitrary units of intensity relative to GAPDH and are the mean ± SEM of 3 different 

experiments. (*p<0.05). 

 Another kinase, the serine/threonine kinase AKT (also known as protein kinase B, 

PKB), is thought to have an essential role in adipocyte differentiation. As for ERK1-2, 

there was a marked decrease in AKT phosphorylation throughout the differentiation 

process (Figure 12), suggesting that deactivation of this kinase is associated with 

adipogenesis. 

Figure 12: AKT is deactivated during adipogenesis. 3T3-L1 cells were seeded in 6-well plates (2 

x 105 cells/well) in DMEM containing 10% NBCS. 48 h post confluence, cells were differentiated 

up to day 9. Cells were harvested at indicated time points and protein expression was analyzed. 

A) AKT and p-AKT expression was detected by western blot using specific antibodies and 

GAPDH was used as a protein loading control. Similar results were obtained in 3 independent 

experiments. B) Quantification of A normalized to total protein and relative to non-

differentiated cells. Data are expressed as arbitrary units of intensity relative to GAPDH and are 

the mean ± SEM of 3 different experiments. 

However, similarly to ERK1-2, AKT phosphorylation was increased in PEMT 

knockdown cells (figure 13), thereby reinforcing the notion that AKT is also essential in 

adipogenesis and that at least part of the mechanism by which PEMT knockdown 

inhibits adipocyte differentiation involves the activation of this kinase.  
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Figure 13: PEMT knockdown induces AKT phosphorylation in 3T3-L1 cells. 3T3-L1 cells were 

seeded in 6-well plates in DMEM containing 10% NBCS and transfected with Pemt siRNA as 

described in Materials and Methods. 48 hours after gene silencing, differentiation was induced up 

to day 4. Cells were then harvested and protein expression was analyzed by western blotting. A) 

AKT and p-AKT expression was detected by western blotting using specific antibodies and 

GAPDH was used as a protein loading control. Similar results were obtained in 3 independent 

experiments. B) Quantification of A normalized to total protein and relative to control. Data are 

expressed as arbitrary units of intensity relative to GAPDH and are the mean ± SEM of 3 different 

experiments. (*p<0.05). 
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3. DISCUSION 

Given that adipogenesis is a key event in the development of obesity, 

understanding the mechanisms or molecular pathways implicated in this process may 

prove useful for treatment of obesity and obesity-associated diseases. Differentiation 

of pre-adipocytes to mature adipocytes is a multi-step process that is accompanied by 

highly regulated induction of CCAAT-enhancer-binding protein (C/EBP) transcription 

factors and the peroxisome proliferator-activated receptors family (PPAR), followed by 

activation of a variety of adipocyte-specific genes that lead to further differentiation 

[37].  

The data presented in this chapter show a significant increase in PEMT-2 during 

pre-adipocyte differentiation. PEMT-2 expression begins to increase 2 days after the 

induction of adipogenesis and remains high throughout cell differentiation, suggesting 

that this enzyme is a key factor in this process. In fact, knockdown of the pemt gene 

resulted in impaired adipocyte differentiation, as seen by a reduced expression of 

adipogenic markers, as well as reduced lipid droplet formation, triglyceride content and 

leptin release. The data presented in this thesis, together with work from other labs, 

suggest that PEMT is important in obesity. PEMT deficiency was found to be protective 

against insulin resistance in mice [33-35], and it was observed that in human obese 

subjects the pemt gene was upregulated [36]. In particular, in in vitro experiments PEMT 

was shown to be important in lipid droplet formation and processing, and that it is 

actively involved in maintaining a stable lipid droplet phenotype in adipocytes [32].  

This work also identifies the regulatory function of PEMT in adipocyte 

differentiation by modulating the post translational phosphorylation of extracellularly-

regulated kinases (ERK) and AKT (also known as protein kinase B, PKB). Previous 

studies from our lab and others suggested a role of MAPKs in adipogenesis. However, 

the data seemed to be contradictory, as both ERK activation and inhibition were 

suggested to be important for regulation of adipogenesis. In particular, our laboratory 

showed that soon after the induction of cell differentiation ERK was activated by 

phosphorylation after 1  to 4 h, and then that activation was suppressed and remained 

low until the end of the adipogenic process [30]. Thus, the function of ERK in 

adipogenesis is thought to be timely regulated: early on, ERK had to be turned on for a 

proliferative step and to initiate adipocytes into the differentiation process, whilst later, 

ERK had to be shut-off to let the cells differentiate. In this work, we show that ERK is 

under regulation by PEMT, as knockdown of this enzyme increased ERK 
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phosphorylation, which would delay cell differentiation. Our data are in agreement with 

the fact that adipocyte differentiation requires, at the beginning, a precise proliferative 

step (mitotic clonal expansion, MCE), which takes place post-confluency. MCE is 

initiated by adipogenic stimuli, such as insulin, which are known to activate the ERK 

pathway [38]. Then, during terminal differentiation, adipocyte markers begin to be 

expressed, when ERK activity is returned to a low level. 

AKT has also been shown to have a fundamental role in adipocyte differentiation. It 

was demonstrated that mouse embryonic fibroblast (MEFs) lacking AKT failed to 

differentiate into mature adipocytes [39], and AKT silencing was found to block 

differentiation of 3T3-L1 cells [40]. Moreover, the overexpression of constitutively 

active AKT in 3T3-L1 adipocytes was found to promote adipocyte differentiation [41]. It 

is known AKT phosphorylates and regulates a large variety of substrates involved in 

different biological processes [42], many of which could contribute to the role of AKT in 

driving adipocyte differentiation. Of importance, we show in this work that during 

adipogenesis AKT activation was suppressed and remained low until the end of the 

adipogenic process, and that knocking down PEMT resulted in sustained activation of 

AKT (and also ERK) leading to impaired expression of adipocyte-specific markers, such 

as PPAR-ɣ, adiponectin and perilipin 1, thus, blocking adipogenesis. According to our 

results, it can be hypothesized that like for ERK, both AKT early activation followed by 

late inhibition may be important steps for regulation of adipogenesis. 

Another relevant finding in this thesis is the possible link between PEMT expression 

and C1P action. Our group recently showed that administration of exogenous C1P to 

cells that are undergoing adipocyte differentiation caused a significant reduction in the 

levels of TG, which was concomitant with a significant decrease in leptin concentration, 

pointing to a possible anti-adipogenic and anti-inflammatory action of exogenous C1P 

[30]. Here, we demonstrate that at least part of the mechanism by which C1P causes 

the repression of adipogenesis involves downregulation of PEMT. In fact, the 

enhancement and maintenance of high levels of ERK1-2 phosphorylation by C1P 

observed in our previous work correlates with our new findings showing that ERK is 

regulated by PEMT expression.  

It can be concluded that PEMT is a novel regulator of adipogenesis with potential 

implications in obesity and that targeting pemt may result useful in the treatment of 

obesity-associated disorders. 
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Figure 14: Working model for the role of PEMT in the adipogenic process. 
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CHAPTER 3: 

Implication of sphingolipid metabolites in 

non-alcoholic fatty liver disease in 

phosphatidylethanolamine  

N-methyltransferase deficient mice. 

Role of Vitamin E.  
1. INTRODUCTION 

1.1. Non-alcoholic fatty liver disease (NAFLD) 

Non-alcoholic fatty liver disease (NAFLD) is increasingly recognized as the liver 

component of metabolic syndrome. According to recent data, it is estimated that 

approximately 25% of the adult population in developed countries suffers from this 

disease [1]. NAFLD is defined as the presence of more than 5% fat in the liver without 

any other liver disease etiologies and/or use of medication, and it includes a histological 

range from simple steatosis or fat accumulation to non-alcoholic steatohepatitis 

(NASH), in which along with fat there is inflammation and damage to liver tissue, and 

which can further progress to cirrhosis and liver cancer [2]. 

 

 

 

 

 

 

 

Figure 1: Progression of NAFLD. Taken from HCV-trials website. 
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NAFLD is linked to a low molar ratio of hepatic phosphatidylcholine (PC) to 

phosphatidylethanolamine (PE) [3-5]. PC and PE are the two main phospholipids in 

plasma membranes of all mammalian cells. In mice, around 70% of hepatic PC is 

produced via the CDP-choline pathway and the other 30% via 

phosphatidylethanolamine N-methyltransferase (PEMT) pathway, by which PE is 

converted to PC via three sequential methylation reactions.  

1.2. The role of PEMT in NAFLD development 

PEMT is important for the biosynthesis of PC in the liver, which is the quantitatively 

major phospholipid of hepatic endoplasmic reticulum (ER) membranes and plasma 

lipoproteins. PC species derived from either the CDP-choline pathway or the PEMT 

pathway are crucial for the assembly and secretion of very low-density lipoprotein 

(VLDL) particles, as deletion of either pathway results in a strong reduction of VLDL 

secretion [6-9]. In order to determine whether PEMT has functions other than 

regulation of PC biosynthesis in mammals, Pemt-/- mice were constructed [10]. The 

availability of this new animal model allowed to determine the implication of this 

enzyme in NAFLD, obesity and inflammation.  

In particular, mice lacking PEMT are protected from high-fat diet (HFD)-induced 

obesity and insulin resistance, but develop severe NAFLD when fed a HFD. However, the 

molecular mechanisms implicated in these pathologies are not well understood. It has 

been suggested that reduced very low-density lipoprotein (VLDL) secretion is a relevant 

factor for development of NAFLD [8, 11, 12], but there will most likely be other 

mechanisms involved. In this connection, sphingolipid metabolism has been associated 

with the establishment and progression of NAFLD. Specifically, a major sphingolipid 

metabolite implicated in NAFLD is ceramide [13-16]. 

1.3. Ceramide metabolism in NAFLD 

One of the lipid classes that have been associated with the development of NAFLD 

and NASH is sphingolipids and it is unknown whether sphingolipid metabolism is 

affected by PEMT-deficiency. Sphingolipids belong to a class of membrane lipids that 

play a fundamental role in membrane architecture and the regulation of key 

physiologic processes. Among the sphingolipid family, ceramides have been linked to 

cell death, insulin resistance, oxidative stress, and inflammatory processes [17-23] 

suggesting that ceramides may play an important role in development of fatty liver 
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disease [13-15]. Ceramides have been demonstrated to act on the mitochondrial 

electron transport chain leading to hydrogen peroxide and reactive oxygen species 

(ROS) generation, thereby inducing oxidative stress and promoting inflammation in 

different  biological systems [20, 24-26]. However, whether sphingolipid metabolism 

might have any association with PEMT has not been investigated. Moreover, although 

some reports suggest a link between ceramides and NAFLD or NASH, the mechanisms 

involved are incompletely understood. 

1.4. Vitamin E  

Vitamin E (α-tocopherol) is a lipid-soluble chain breaking molecule that defends 

cells against radical-induced damage [27]. Vitamin E is absorbed in the intestine, 

transported in plasma mainly with apolipoprotein B-containing chylomicrons, and 

transferred to parenchymal cells in the liver. Subsequently, vitamin E is secreted from 

the liver, mainly in association with VLDL, in order to be distributed to other tissues [28].  

Currently, there is no definitive treatment for NALFD, mainly because the precise 

mechanism underlying the disease and its progression is still poorly understood. 

Although it has been previously demonstrated that livers from HFD-fed Pemt-/- mice 

exhibit increased oxidative stress [9], its importance in the development of NASH has 

not been established.   

The aim of the present study was to investigate whether supplementation of the 

diet with vitamin E could attenuate HFD-induced NASH in Pemt-/- mice, and whether 

aberrant sphingolipid metabolism is involved in the disease progression in this model. 

 

2. RESULTS 

2.1. Vitamin E supplementation reduced liver weight and improved hepatic 

lipid secretion in Pemt-/- mice 

Recent reports have indicated that vitamin E supplementation can attenuate 

hepatic steatosis [28-30]. Therefore, we fed Pemt+/+ and Pemt-/- mice a HFD or a HFD 

supplemented with 0.5g/kg vitamin E for 3 weeks to determine whether it could 

prevent fatty liver development in Pemt-/- mice. HFD-feeding for 3 weeks caused Pemt-/- 

mice to develop severe NASH [31], so this condition was sufficient to investigate the 

effect of vitamin E on NASH development in these mice. In addition, the concentration 
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of vitamin E used in the experiments results in an approximate dose of 133 IU/kg/day, 

which is equivalent to the recommended dose for human vitamin E supplements.  

To verify that vitamin E supplementation was sufficiently absorbed, we measured 

vitamin E concentration in the liver, where it is stored. As shown in figure 2, vitamin E 

concentrations were strongly increased in livers of supplemented animals. It is 

noteworthy that the accumulation of vitamin E was significantly higher in Pemt-/- mice 

compared to Pemt+/+ mice. Vitamin E is a hydrophobic molecule that is stored in lipid 

droplets, and it is secreted from the liver as a component of VLDL particles. The higher 

vitamin E concentrations in supplemented Pemt-/- mice are, thus, probably due to 

impaired VLDL secretion and subsequent higher hepatic lipid content in these mice.  

 

Figure 2: Vitamin E is efficiently stored in livers. After 3-week treatment with or without 

vitamin E, livers from Pemt+/+ and Pemt-/- mice were collected and hepatic vitamin E levels were 

quantified by HPLC, as described previously [32], and normalized to total protein. All values are 

the means ± SEM (n=5 per group). *Difference between genotypes; #difference between 

treatments. (p< 0.05).  

Once proven that vitamin E treatment had worked, we analyzed livers from Pemt+/+ 

and Pemt-/- mice after 3 weeks feeding with the HFD with or without vitamin E 

supplementation and found that livers from PEMT deficient animals were larger than 

those from Pemt wild type ones.  Even though the liver weights did not decrease with 

vitamin E supplementation, body weights were normalized to Pemt+/+ values, resulting 

in a decrease in relative liver weight upon vitamin E.  
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Figure 3: Vitamin E supplementation reduced liver weight in Pemt-/- mice. After 3-week 

treatment with or without vitamin E, each animal and livers were weighted. A) Liver weight; B) 

total body weight; C) liver weight relative to total body weight. All values are the means ± SEM 

(n=5 per group). *Difference between genotypes; #difference between treatments. (p< 0.05). 

As mentioned before, fatty liver is defined as the presence of more than 5% fat in 

the liver. Thus, we measured hepatic triglyceride content in livers from Pemt+/+ and 

Pemt-/- mice on a HFD or HFD supplemented with vitamin E. Figure 4 shows that hepatic 

TG levels were 2.5-fold higher in Pemt-/- mice compared to Pemt+/+ mice, and vitamin E 

treatment seemed to be accompanied by a slight reduction in TG concentration; 

however this observation did not reach statistical significance.  
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Figure 4: Vitamin E supplementation did not significantly reduce hepatic TG levels in Pemt-/- 

mice. After 3-week treatment with or without vitamin E, livers from Pemt+/+ and Pemt-/- mice 

were collected and TG levels were analyzed, as described in Materials and Methods. Results are 

expressed relative to total protein content in the samples. All values are the means ± SEM (n=5 

per group). *Difference between genotypes. (p< 0.05). 

Although we did not observe statistically significant differences in hepatic TG 

levels, hematoxylin-eosin staining showed large lipid droplets in liver samples of Pemt-/- 

mice and, even though there was a similar lipid accumulation in vitamin E treated livers, 

the lipid droplets appeared to be smaller after treatment with vitamin E (figure 5). This 

suggests that the same amount of neutral lipids is stored in a larger number of lipid 

droplets, which likely allow the lipids to be more accessible to fatty acid oxidation.  

 

Figure 5: Hematoxylin-eosin staining in liver samples from Pemt-/- mice with or without 

vitamin E treatment. After 3-week treatment with or without vitamin E, livers from Pemt-/- mice 

were collected and stained with hematoxylin-eosin, as described in Materials and Methods. 
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Representative pictures of hematoxylin-eosin staining of liver samples from untreated and 

vitamin E supplemented Pemt-/- mice.   

Since NALFD is linked to a low molar ratio of hepatic phosphatidylcholine (PC) to 

phosphatidylethanolamine (PE) [3-5], we tested to evaluate what happened with those 

two phospholipids after 3-week feeding with a HFD with or without vitamin E 

supplementation. Figure 6 shows that, although not statistically significant, hepatic PC 

was slightly reduced and, conversely, hepatic PE levels were increased in Pemt-/- mice. 

Hence, the PC:PE ratio was slightly lower in Pemt-/- mice. However, vitamin E 

supplementation did not change PC:PE ratio in either genotype. 

Figure 6: Vitamin E supplementation did not alter hepatic lipid profile. After 3-week 

treatment with or without vitamin E, livers from Pemt+/+ and Pemt-/- mice were collected and PC 

and PE levels were determined, as described in Materials and Methods. A) Hepatic PC content in 

livers from Pemt+/+ and Pemt-/- mice fed a HFD or a HFD supplemented with vitamin E. B) Hepatic 

PE content in livers from Pemt+/+ and Pemt-/- mice fed a HFD or a HFD supplemented with 

vitamin E. C) PC:PE ratio in livers from Pemt+/+ and Pemt-/- mice fed a HFD or a HFD 

supplemented with vitamin E. All values are the means ± SEM (n=5 per group). *Difference 

between genotypes. (p< 0.05). 
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Even though hepatic TG concentration was not reduced by vitamin E 

supplementation, vitamin E was able to increase VLDL-TG secretion in Pemt-/- animals 

compared to those without supplementation, as demonstrated by plasma TG 

quantification after the inhibition of lipoprotein lipase (LPL) by Poloxamer 407 (figure 7). 

However, VLDL-TG secretion rates and fasting plasma TG levels were still lower in 

vitamin E-supplemented Pemt-/- mice compared to Pemt+/+ mice.  
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Figure 7: Vitamin E supplementation improves hepatic VLDL secretion in Pemt-/- mice. After 

3-week treatment with or without vitamin E, plasma was collected and plasma TG levels were 

measured, as described in Materials and Methods. A) Plasma TG concentration in fasting 

conditions in Pemt+/+ and Pemt-/- mice fed a HFD ± vitamin E. B) TG secretion curves after 

Poloxamer 407 injection. All values are the means ± SEM (n=5 per group). *Difference between 

genotypes; #difference between treatments. (p< 0.05). 

We then measured plasma ApoB-100 and ApoB-48 levels and observed no 

difference between the groups, indicating poorly lipidated VLDL particles, rather than 

fewer VLDL particles, in Pemt-/- mice. Vitamin E did not affect ApoB-100 or ApoB-48 in 

either genotype. Nonetheless, the observation of no changes in ApoB levels combined 

with an increase in VLDL-TG production suggest that vitamin E supplementation 

improved the lipidation of VLDL particles in Pemt-/- mice (figure 8). 
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Figure 8. Vitamin E does not increase plasma ApoB levels. A) Inmunoblot of ApoB in plasma in 

fasting conditions and 4 hours after Poloxamer 407 injection. Ponceau staining was used as 

loading control. B) Quantification of A. All values are means ± SEM (n=4 per group).  

We next measured plasma high-density lipoprotein (HDL) levels and interestingly, 

they were also reduced in HFD-fed Pemt-/- animals, as indicated by strongly reduced 

plasma total cholesterol and ApoA1 levels (Fig. 9). Vitamin E supplementation almost 

normalized HDL levels in Pemt-/- mice.  

 

 

 

 

 

R
el

at
iv

e 
in

te
ns

ity

0h 4h
0

1

2

3

4

Pemt +/+

Pemt +/+ Vit E
Pemt -/-

Pemt -/- Vit E

APOB-48

A 



Chapter 3: Sphingolipids and fatty liver disease in PEMT deficient mice. Role of vitamin E 

152 
 

 

 

 

 

 

 

 

Figure 9: Vitamin E supplementation normalizes plasma HDL levels in Pemt-/- mice. After 3 

weeks on a HFD with or without vitamin E, plasma was collected and cholesterol levels were 

measured as described in Materials and Methods.  A) Plasma total cholesterol concentrations in 

fasting conditions in Pemt+/+ and Pemt-/- mice fed a HFD ± vitamin E. B) Inmunoblot for APOA1 in 

plasma samples. Ponceau staining was used as a loading control. C) Quantification of A relative 

to control. All values are means ± SEM (n=5 per group for A, n=4 per group for B and C). 

*Difference between genotypes; #difference between treatments. (p< 0.05). 

To determine whether the low plasma concentrations of HDL-cholesterol were due 

to increased hepatic uptake of the cholesterol-loaded high density lipoprotein, we 

measured the expression of hepatic SR-B1 (scavenger receptor, class B type 1), which is 

a multiligand membrane receptor protein that functions as a physiologically relevant 

HDL receptor, whose primary role is to mediate selective uptake or influx of HDL-

derived cholesteryl esters into cells and tissues. Surprisingly, there was a reduction of 

hepatic SR-B1 levels in Pemt-/- mice, suggesting that low HDL-cholesterol levels were, at 

least in part, likely due to reduced hepatic production of HDL particles rather than 

increased uptake of HDL-cholesterol into the liver. The reduction in SR-B1 levels in 

Pemt-/- mice was completely restored when supplemented with vitamin E (Fig. 10). 
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Figure 10: Vitamin E supplementation normalizes hepatic SR-B1 levels in Pemt-/- mice. After 

3 weeks on a HFD with or without vitamin E, livers from all groups of animals were collected and 

homogenates were made as described in Materials and Methods.  A) Inmunoblot of SR-B1 in liver 

samples . B) Quantification of A relative to control. All values are means ± SEM (n=4 per group). 

*Difference between genotypes; #difference between treatments. (p< 0.05). 

2.2. Vitamin E treatment prevented hepatic oxidative stress in Pemt-/- mice 

Since vitamin E is an antioxidant and oxidative stress is an important trigger for the 

development of NASH [33, 34], we determined the levels of oxidative stress in all groups 

of animals. Hepatic lipid peroxidation, an indicative of oxidative stress in liver [4, 35], 

was 4-fold higher in Pemt-/- mice compared to Pemt+/+ mice, as indicated by higher 

amounts of thiobarbituric acid reactive substances (TBARS). Vitamin E 

supplementation completely normalized TBARS values to the levels observed in 

Pemt+/+ mice (Fig. 11). 

 

Figure 11: Vitamin E normalizes hepatic lipid peroxidation levels in Pemt-/- mice. After 3-

week treatment on a HFD with or without vitamin E, hepatic concentration of thiobarbituric 

acid-reactive substances (TBARS), a marker of lipid peroxidation, were measured, as described 

in Materials and Methods. All values are the means ± SEM (n=5 per group). *Difference between 

genotypes; #difference between treatments. (p< 0.05). 

Similarly, the ratio of oxidized (GSSG) and reduced (GSH) glutathione (GSSH/GSH) 

was increased in HFD-fed Pemt-/- mice compared to Pemt+/+ mice, and this increase was 

completely prevented by vitamin E supplementation.  
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Figure 12: Vitamin E normalizes hepatic glutathione status in Pemt-/- mice. After 3-week 

treatment on a HFD with or without vitamin E, hepatic glutathione status was analyzed as a 

marker for oxidative stress, as described in Materials and Methods. All values are the means ± 

SEM (n=5 per group). *Difference between genotypes; #difference between treatments. (p< 

0.05). 

We next sought to determine the mRNA levels of genes related to oxidative stress. 

We measured NADPH oxidase 2 (Nox2), heme oxygenase 1(Hmox1), and mitochondrial 

uncoupling protein 2 (Ucp2) mRNA levels. As it can be observed in figure 13, all mRNA 

levels were 2.5 to 4-fold increased in Pemt-/- mice samples, and they all were reduced by 

vitamin E.  

 

 

 

 

 

Figure 13: Vitamin E supplementation reduced oxidative stress-related gene expression in 

Pemt-/- mice. After 3-week treatment on a HFD with or without vitamin E hepatic expression of 

oxidative stress-related genes was analyzed by qPCR as described in Materials and Methods. 

mRNA levels for oxidative stress-related genes NADPH oxidase 2 (Nox2), Heme oxygenase 1 

(Hmox1); and mitochondrial uncoupling protein 2 (Ucp2) relative to cyclophylin expression and 

normalized to corresponding control group. All values are the means ± SEM (n=5 per group). 

*Difference between genotypes; #difference between treatments. (p< 0.05). 
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We next tested to evaluate whether the oxidative stress in Pemt-/- mice would lead 

to endoplasmic reticulum (ER) stress in these mice. Protein levels of CCAAT-enhancer-

binding protein homologous protein (CHOP) and Binding immunoglobulin protein (BiP), 

and protein disulfide-isomerase (PDI), all markers of ER stress, were all elevated in livers 

from HFD-fed Pemt-/- mice compared to Pemt+/+ mice. Dietary supplementation with 

vitamin E prevented the induction of these proteins, as the protein levels in vitamin E-

treated Pemt-/- mice were indistinguishable from the Pemt+ /+ controls (Fig 14). 

Together, this suggests that oxidative stress resulted in ER stress in livers of Pemt-/- 

mice, and that treatment with vitamin E prevented oxidative stress, thereby alleviating 

ER stress.  

 

 

 

 

 

Figure 14: Vitamin E supplementation reduced oxidative stress-related protein expression 

in Pemt-/- mice. After 3-week treatment on a HFD with or without vitamin E, hepatic expression 

levels of ER stress-related proteins were analyzed by western blot, as described in Materials and 

Methods. A) Immunoblot of proteins involved in ER stress CCAAT-enhancer-binding protein 

homologous protein (CHOP), binding immunoglobulin protein (BiP), and protein disulfide-

isomerase (PDI). GAPDH was used as a loading control. B) Quantification of A relative to the 

amount of loading control and normalized to the corresponding control group. All values are the 

means ± SEM (n=4 per group). *Difference between genotypes; #difference between 

treatments. (P< 0.05). 
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2.3. Vitamin E treatment prevented hepatic inflammation and fibrosis in    

Pemt-/- mice 

Two important hallmarks of NASH are inflammation and fibrosis development. 

Therefore, we sought to evaluate the effect of vitamin E supplementation on these two 

processes. We first measured mRNA levels of genes Cd68 (macrophage marker) and 

Tnf-α (inflammatory cytokine), both indicators of inflammation. Both markers were 

more than 5-fold increased in Pemt-/- mice fed a HFD, indicating increased number of 

macrophages in the liver. Vitamin E supplementation completely prevented the 

increase in Cd68 and Tnf-α expression, indicating reduced infiltration of macrophages in 

the liver under this condition.  

 

Figure 15: Vitamin E supplementation prevented hepatic inflammation in Pemt-/- mice. 

After 3-week treatment on a HFD with or without vitamin E, hepatic expression of inflammation-

related genes was analyzed by qPCR as described in Materials and Methods. mRNA levels for 

Cd68 and Tnf-α relative to cyclophilin expression and normalized to the corresponding control 

group. All values are the means ± SEM (n=5 per group). *Difference between genotypes; 

#difference between treatments. (p< 0.05). 

Since both oxidative stress and inflammatory cytokines can activate hepatic 

stellate cells, we investigated whether vitamin E supplementation could prevent the 

development of hepatic fibrosis in Pemt-/- mice. mRNA levels of alpha-1 type I collagen 

(Col1a1), responsible for collagen synthesis, as well as those of tissue inhibitor of 

metalloproteinase 1 (Timp1) were strongly increased in HFD-fed Pemt-/- mice and this 

increase was partially prevented by vitamin E supplementation.  
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Figure 16: Vitamin E supplementation prevented hepatic fibrosis in Pemt-/- mice. After 3-

week treatment on a HFD with or without vitamin E, hepatic expression of fibrosis-related genes 

was analyzed by qPCR as described in Materials and Methods. mRNA levels for Col1a1 and Timp1 

relative to cyclophilin expression and normalized to the corresponding control group. All values 

are the means ± SEM (n=5 per group). *Difference between genotypes; #difference between 

treatments. (p< 0.05). 

Moreover, Picro-Sirius Red staining confirmed that the amount of fibrillar collagen 

was lower when Pemt-/- mice were fed the vitamin E-supplemented diet. Together these 

data indicated a protective role of vitamin E in development of NASH. 

 

Figure 17: Vitamin E supplementation prevented hepatic fibrosis in Pemt-/- mice. After 3-

week treatment on a HFD with or without vitamin E, hepatic liver samples were stained with 

Picro-Sirius Red, as described in Materials and Methods. Histological assessment of hepatic 

fibrosis untreated and vitamin E- supplemented Pemt-/- mice.  
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2.4. Ceramide metabolism is normalized in Pemt-/- mice treated with vitamin E 

Due to the increasingly recognized role of ceramides and their derivatives in the 

development of NAFLD [13-16], we investigated ceramide metabolism in 3-week HFD-

fed Pemt-/- mice that developed NASH, and determined whether vitamin E could 

influence the master enzymes of the different routes for ceramide synthesis and/or 

breakdown.  

 

Figure 18: Schematic representation of ceramide biosynthesis pathways. 

As it can be observed in figure 19, there were no changes in the mRNA levels of 

serine palmitoyltransferase 1 (Spt1), which is the rate limiting enzyme for de novo 

synthesis of ceramide, ceramide synthase 2 and 6 (CerS2-CerS6), which are also 

important regulatory enzymes in the de novo biosynthetic pathway of ceramides and 

also participate in the salvage pathway of ceramide synthesis. However, there was a 

slight reduction in acidic sphingomyelinase (ASMase) in Pemt-/- mice, which could not be 

reversed with vitamin E treatment. In addition, we observed that acidic ceramidase 

(Asah1), the enzyme that degrades ceramides to sphingosine, and ceramide kinase 

(CerK), the enzyme that phosphorylates ceramides to produce C1P, mRNA levels were 

1.5-and 2.5-fold higher, respectively, in Pemt-/- mice, and vitamin E supplementation 

normalized those levels to control Pemt+/+ values.  
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Figure 19: Ceramide metabolism master enzyme expression was normalized with vitamin E 

supplementation. mRNA levels after 3-week treatment on a HFD with or without vitamin E 

supplementation relative to cyclophilin expression of: A) de novo ceramide synthesis pathway 

enzyme SPT1 (serine palmitoyltransferase subunit 1), C and D: salvage and de novo synthesis 

pathway enzymes CERS2, CERS6 (ceramide synthase 2 and 6), E: SMase synthesis pathway 

enzyme ASMase (acid sphingomyelinase), F: ASAH1 (acidic ceramidase), and G: Ceramide 1-
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phosphate converting enzyme CerK (ceramide kinase). All values are means ± SEM (n=5 per 

group). *Difference between genotypes; #difference between treatments. (p< 0.05). 

Mass-spectrometry analysis revealed that ceramide levels were indeed elevated in 

livers from Pemt-/- mice, and they were reduced upon vitamin E supplementation in 

these mice. Similarly, sphingomyelin, sphinganine, and sphingosine were also increased 

in Pemt-/- mice, and vitamin E supplementation normalized them all to control levels. 

Interestingly, the concentration of 1-deoxy-ceramides, which are one of the most 

correlated biomarkers for the progression of NASH [16], were also strongly increased in 

Pemt-/- mice compared to Pemt+/+ mice and treatment with vitamin E reduced those 

levels by more than 50%. By contrast, mass-spectrometry analysis did not show any 

significant differences in total ceramide 1-phosphate (C1P) levels or in the individual 

species of C1P (C16:0, C24:1, C26:0), although there was a mild increase in C26:1 C1P, but 

this was not significantly reduced upon vitamin E supplementation. 
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Figure 20: Ceramide metabolism is normalized in Pemt-/- mice treated with vitamin E. 

Quantification by mass-spectrometry of A: total ceramides; B: total sphingomyelin; C: total 

sphinganine; D: total sphingosine; E: total 1-deoxyceramides; F: total ceramide 1-phosphate; G-I: 

ceramide 1-phosphate species (C16:0, C24:1, C26:0, C26:1), in liver samples from Pemt+/+ and 

Pemt-/- mice fed a HFD or a HFD supplemented with vitamin E. All values are means ± SEM (n=5 

per group). *Difference between genotypes; #difference between treatments. (p< 0.05). 
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3. DISCUSSION 

Although the mechanisms responsible for NAFLD development and progression 

are still poorly understood, oxidative stress could be the ‘second hit’ triggering the 

transition from steatosis to steatohepatitis, and promoting hepatic damage, 

inflammation and fibrosis [36, 37]. We investigated whether vitamin E could prevent 

the development of NASH in a mouse model of reduced PC synthesis. In summary, we 

observed improved VLDL-TG secretion from the liver, and normalization of cholesterol 

metabolism, but no reduction in hepatic TG upon vitamin E supplementation in HFD-

fed Pemt-/- mice. Nevertheless, vitamin E supplementation efficiently prevented hepatic 

oxidative stress, inflammation and fibrosis. Moreover, we observed aberrant ceramide 

metabolism in Pemt-/- mice and this was restored with vitamin E supplementation. 

Thus, vitamin E supplementation prevented the progression from simple steatosis to 

steatohepatitis in mice lacking PEMT.  

Previous studies in animals with fatty liver disease have demonstrated a beneficial 

effect of vitamin E on liver health. In mice fed a methionine- and choline-deficient diet, 

vitamin E treatment ameliorated steatosis, oxidative stress, hepatic apoptosis, 

inflammation and fibrosis [38, 39]. In obese (ob/ob) mice, treatment with α- or ɣ-

tocopherol prevented lipopolysaccharide-induced NASH, but not steatosis [40], which 

is similar to what we observed in Pemt-/- mice. Furthermore, the progression on NAFLD 

caused by partial hepatectomy was also attenuated by vitamin E treatment [29]. In 

contrast to the studies with experimental animals, the benefits of vitamin E in humans 

have been less clearly delineated. Two large randomized clinical trials have been 

conducted to evaluate the efficacy of vitamin E to ameliorate NASH. The Pioglitazone 

versus Vitamin E versus Placebo for the treatment of non-diabetic Patients with Non-

alcoholic Steatohepatitis (PIVENS) study investigated the effect of vitamin E (800 

IU/day) in non-diabetic, non-cirrhotic adults with NASH [41]. Vitamin E compared to 

placebo significantly improved NASH, as it reduced steatosis, inflammation, and 

hepatocellular ballooning, but not fibrosis. This outcome in humans is somewhat 

different from our data in Pemt-/- mice, where vitamin E did reduce fibrosis, but not 

steatosis. The Treatment of NAFLD in Children (TONIC) study investigated vitamin E in 

children with NASH [42]. Resolution of NASH was significantly higher in vitamin E 

versus the placebo treatment group, due to reduced hepatocellular ballooning. 

However, vitamin E did not reduce steatosis, inflammation or fibrosis in this study. 

Although vitamin E seems effective in improving NASH in non-diabetic subjects, there 
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have not been clinical trials carried out in diabetic subjects. Considering that up to 75% 

of people with NASH also suffer from type 2 diabetes, this is an area that needs to be 

addressed. 

Our study provides insights in the mechanism by which vitamin E ameliorates 

NASH, which might result in better-designed interventions for NASH in humans.  

Oxidative stress occurs when there is an imbalance between reactive oxygen 

species production and antioxidant defenses. In the liver, increased oxidative stress and 

chronic inflammation are considered key features for the progression from simple 

hepatic steatosis to steatohepatitis or NASH. Several studies show a connection 

between the severity of NASH and the degree of oxidative stress [33, 34, 43, 44]. During 

hepatic steatosis, there is an increased influx of fatty acids derived from the circulation 

and/or from de novo lipogenesis, often in combination with reduced fatty acid 

oxidation. In NAFLD patients, mitochondrial respiratory chain complexes are often 

decreased, resulting in an increased production of reactive oxygen species (ROS) [45, 

46]. In addition, NASH patients exhibit insufficient antioxidant defenses, such as GSH, 

superoxide dismutase and catalase, resulting in oxidative stress in the liver [34, 47]. 

Increased ROS can cause cellular damage and detrimental responses in several cell 

types of the liver. For instance, in Kupffer cells, oxidative stress can induce the 

production of cytokines, including TNF-α, TGF-β, FAS-ligand and IL-8 [48]. ROS exposure 

can also activate hepatic stellate cells and induce proliferation and collagen synthesis 

[49]. Thus, oxidative stress can cause apoptosis, inflammation and fibrosis in the liver 

and thereby progress from simple steatosis into NASH. The main triggers of these 

cellular responses are products of ROS-induced lipid peroxidation. Due to its 

hydrophobic nature, vitamin E is especially effective at stopping the chain reaction of 

lipid peroxidation. We have demonstrated here that HFD-fed Pemt-/- mice indeed 

exhibit increased lipid peroxidation, which could be the trigger to the development of 

NASH in these mice.  Dietary vitamin E supplementation completely prevented lipid 

peroxidation. By preventing this type of oxidative stress, vitamin E likely prevented the 

activation of both Kupffer cells and stellate cells, thereby preventing the development 

of inflammation and fibrosis in livers of Pemt-/- mice. 

In the past decades ceramides have emerged as intracellular signaling molecules 

involved in the regulation of differentiation, proliferation, and apoptosis. Recently, 

ceramides have also been linked to fatty liver disease development, as they can act as 

key lipid mediators of insulin resistance, oxidative stress, and inflammation in different 
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organs [13-17, 23]. In response to inflammatory signals, such as TNF-α or IL-1β, 

ceramide formation and release from membrane sphingomyelin is increased [24, 50]. In 

addition, ceramide levels can promote ROS production in the mitochondria by 

interfering with the electron transport chain [20, 24-26]. This increase in oxidative stress 

stress can then again lead to progression from NAFLD to NASH. Thus, ceramides seem 

to be part of a perpetual cycle in which ROS-induced cytokine production causes 

ceramide levels to increase, which in turn exacerbates oxidative stress and 

inflammation. Hence, we sought to determine whether ceramide metabolism was 

altered in HFD-induced NAFLD in Pemt -/- mice, and whether vitamin E could influence 

ceramide metabolism or ceramide-mediated events. We observed marked 

accumulation of ceramides in the livers of Pemt-/- mice, but no increases in the mRNA 

levels of the enzymes involved in ceramide synthesis (Spt1, Cers2, Cers6 or Asmase). 

Nevertheless, inflammatory cytokines may have induced the activity of these enzymes, 

rather than transcription, resulting in elevated ceramide formation. Besides, given that 

liver is a key site for ceramide synthesis, that up to 80% of plasma ceramides are 

associated with VLDL/LDL particles [51, 52], and that VLDL secretion from liver is 

impaired in HFD-induced NAFLD in Pemt-/- mice, the majority of hepatic ceramides is 

likely accumulating due to impaired secretion from the liver. Interestingly, Cerk, the 

enzyme that catalyzes the production of anti-apoptotic ceramide 1-phosphate from 

ceramide, and Asah1, an enzyme that degrades ceramides to sphingosine, which has 

opposing effects to ceramides in some cell types [53, 54] were both overexpressed in 

Pemt-/- animals fed a HFD. The induction of Cerk and Asah1 expression could serve to 

reduce ceramide levels within the cell in an attempt to limit the detrimental 

accumulation of ceramides in the liver. VLDL-TG secretion was partially restored in 

Pemt-/- mice upon vitamin E supplementation, which could be linked to the prevention 

of ER stress in these mice. As a result of the increase in VLDL production, ceramides 

would also be secreted from the liver at a higher rate. Together with the possibly 

reduced cytokine-mediated release of ceramides from the plasma membrane, this 

prevented the accumulation of ceramides and other sphingolipids in hepatocytes and 

normalized Cerk and Asah1 expression, since their induction would no longer be 

needed.  

Interestingly, hepatic TG concentrations in Pemt-/- mice were not lowered upon 

vitamin E supplementation. Even though VLDL-TG secretion in Pemt-/- mice was 

increased by vitamin E supplementation, it was still strongly impaired compared to 

Pemt+/+ mice. The lipid droplets in vitamin E-supplemented Pemt-/- livers were 
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remarkably smaller but more abundant. Smaller lipid droplets would render the lipids 

more metabolically accessible and thereby also contribute to improved liver health. 

It can be concluded that sphingolipid metabolism is impaired in Pemt-/- mice fed a 

HFD showing very high levels of ceramides, which are associated with hepatic 

inflammation and development of NAFLD and NASH. Through the prevention of 

oxidative stress, dietary vitamin E supplementation reduced hepatic inflammation and 

fibrosis, and it restored aberrant ceramide metabolism in this mouse model of impaired 

PC synthesis. Dietary vitamin E supplementation could thus be a viable therapeutic 

option in the continuously growing population of patients with hepatic steatosis to 

prevent the progression into the more detrimental stages of NAFLD.  Hence, the data 

presented in this thesis support the therapeutic potential of vitamin E in the treatment 

of NASH. 
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Conclusions 

 

From the results obtained in this thesis, the following conclusions may be drawn. 

1. CSE exposure promotes the release of MCP-1 from lung epithelial cells, which 

stimulates the migration and activation of THP-1 monocytes. ROCK1, but not 

ROCK2, is necessary for MCP-1 release, while AKT2, CerK and exogenous C1P 

elicit opposite effects.  

2. CSE exposure promotes the loss of E-cadherin. The mechanism involves ERK2, 

but not ERK1. By contrast, the PI3K/AKT2 pathway promotes maintenance of E-

cadherin.  

3. PEMT is necessary for differentiation of pre-adipocytes into mature adipose 

cells.  

4. Exogenous C1P inhibits adipogenesis through downregulation of PEMT 

expression.  

5. Pemt-/- mice fed a HFD present abnormal sphingolipid metabolism, with 

elevation of ceramides, sphingomyelin, sphinganine, sphingosine, 1-

deoxyceramides, and C26:1 C1P as well as higher expression of mRNAs for Asah1 

and CerK.  

6. Vitamin E supplementation restores Asah1 and CerK mRNA, as well as 

sphingolipid levels. It also improves VLDL-TG secretion, normalizes cholesterol 

metabolism, and reduces hepatic oxidative stress, inflammation and fibrosis, all 

of which would prevent the progression from simple steatosis to steatohepatitis.  
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Scientific contributions 

1 

Phosphatidic acid inhibits ceramide 1-phosphate-stimulated macrophage 

migration. 

Ouro A, Arana L, Rivera IG, Ordoñez M, Gomez-Larrauri A, Presa N, Simón J, Trueba M, 

Gangoiti P, Bittman R, Gomez-Muñoz A. Biochem Pharmacol. 2014 Dec 15;92(4):642-50.  

 

Abstract 

Ceramide 1-phosphate (C1P) was recently demonstrated to potently induce cell 

migration. This action could only be observed when C1P was applied exogenously to 

cells in culture, and was inhibited by pertussis toxin. However, the mechanisms involved 

in this process are poorly understood. In this work, we found that phosphatidic acid 

(PA), which is structurally related to C1P, displaced radiolabeled C1P from its 

membrane-binding site and inhibited C1P-stimulated macrophage migration. This 

effect was independent of the saturated fatty acid chain length or the presence of a 

double bond in each of the fatty acyl chains of PA. Treatment of RAW264.7 

macrophages with exogenous phospholipase D (PLD), an enzyme that produces PA 

from membrane phospholipids, also inhibited C1P-stimulated cell migration. Likewise, 

PA or exogenous PLD inhibited C1P-stimulated extracellularly regulated kinases (ERK) 1 

and 2 phosphorylation, leading to inhibition of cell migration. However, PA did not 

inhibit C1P-stimulated Akt phosphorylation. It is concluded that PA is a physiological 

regulator of C1P-stimulated macrophage migration. These actions of PA may have 

important implications in the control of pathophysiological functions that are 

regulated by C1P, including inflammation and various cellular processes associated 

with cell migration such as organogenesis or tumor metastasis. 
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2 

Sphingomyelinase D/ceramide 1-phosphate in cell survival and 

inflammation. 

Rivera IG, Ordoñez M, Presa N, Gomez-Larrauri A, Simón J, Trueba M, Gomez-Muñoz A. 

Toxins (Basel). 2015 Apr 29;7(5):1457-66.  

 

Abstract 

Sphingolipids are major constituents of biological membranes of eukaryotic cells. Many 

studies have shown that sphingomyelin (SM) is a major phospholipid in cell bilayers and 

is mainly localized to the plasma membrane of cells, where it serves both as a building 

block for cell architecture and as a precursor of bioactive sphingolipids. In particular, 

upregulation of (C-type) sphingomyelinases will produce ceramide, which regulates 

many physiological functions including apoptosis, senescence, or cell differentiation. 

Interestingly, the venom of some arthropodes including spiders of the genus 

Loxosceles, or the toxins of some bacteria such as Corynebacterium tuberculosis, or 

Vibrio damsela possess high levels of D-type sphingomyelinase (SMase D). This enzyme 

catalyzes the hydrolysis of SM to yield ceramide 1-phosphate (C1P), which promotes 

cell growth and survival and is a potent pro-inflammatory agent in different cell types. 

In particular, C1P stimulates cytosolic phospholipase A2 leading to arachidonic acid 

release and the subsequent formation of eicosanoids, actions that are all associated to 

the promotion of inflammation. In addition, C1P potently stimulates macrophage 

migration, which has also been associated to inflammatory responses. Interestingly, 

this action required the interaction of C1P with a specific plasma membrane receptor, 

whereas accumulation of intracellular C1P failed to stimulate chemotaxis. The C1P 

receptor is coupled to Gi proteins and activates of the PI3K/Akt and MEK/ERK1-2 

pathways upon ligation with C1P. The proposed review will address novel aspects on 

the control of inflammatory responses by C1P and will highlight the molecular 

mechanisms whereby C1P exerts these actions.  
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3 

Caged ceramide 1-phosphate (C1P) analogs: Novel tools for studying C1P 

biology. 

Gomez-Muñoz A, Gangoiti P, Rivera IG, Presa N, Gomez-Larrauri A, Ordoñez M. Chem 

Phys Lipids. 2016 Jan;194:79-84.  

 

Abstract 

Ceramide 1-phosphate (C1P) is a bioactive sphingolipid metabolite that is produced in 

cells by the action of ceramide kinase (CerK) acting upon ceramide, and is also found in 

the circulation. C1P was first demonstrated to be mitogenic and antiapoptotic in 

different cell types, and was later shown to induce cell migration. Understanding the 

precise mechanisms by which C1P exerts its biological effects has been possible using 

specific photosensitive caged C1P analogues synthesized by Robert Bittman's group. 

These compounds are cell permeable, bypass cell plasma membrane receptors, and 

can be released into the cytosol upon light irradiation, thereby allowing precise 

determination of the intracellular mechanisms of actions of C1P. Two derivatives of N-

palmitoyl-ceramide 1-phosphate have been used in most studies. In one C1P derivative 

the cage was 7-(N,N-diethylamino)coumarin (DECM-C1P) while in the other it was a 4-

bromo-5-hydroxy-2-nitrobenzhydryl moiety (BHNB-C1P). The uncaging process 

released C1P in the cytosol, and this was accompanied by stimulation of cell 

proliferation, inhibition of apoptosis, and production of low levels of reactive oxygen 

species. However, intracellular accumulation of C1P did not affect chemotaxis. The 

caged C1P analogues allowed distinction between the extracellular events evoked by 

C1P, as for example through interaction with a putative cell-surface receptor, from its 

intracellular effects. 
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4 

Control of inflammatory responses by ceramide, sphingosine 1-phosphate 

and ceramide 1-phosphate. 

Gomez-Muñoz A, Presa N, Gomez-Larrauri A, Rivera IG, Trueba M, Ordoñez M. Prog 

Lipid Res. 2016 Jan;61:51-62.  

 

Abstract 

Inflammation is a network of complex processes involving a variety of metabolic and 

signaling pathways aiming at healing and repairing damage tissue, or fighting infection. 

However, inflammation can be detrimental when it becomes out of control. 

Inflammatory mediators involve cytokines, bioactive lipids and lipid-derived 

metabolites. In particular, the simple sphingolipids ceramides, sphingosine 1-

phosphate, and ceramide 1-phosphate have been widely implicated in inflammation. 

However, although ceramide 1-phosphate was first described as pro-inflammatory, 

recent studies show that it has anti-inflammatory properties when produced in specific 

cell types or tissues. The biological functions of ceramides and sphingosine 1-

phosphate have been extensively studied. These sphingolipids have opposing effects 

with ceramides being potent inducers of cell cycle arrest and apoptosis, and 

sphingosine 1-phosphate promoting cell growth and survival. However, the biological 

actions of ceramide 1-phosphate have only been partially described. Ceramide 1-

phosphate is mitogenic and anti-apoptotic, and more recently, it has been 

demonstrated to be key regulator of cell migration. Both sphingosine 1-phosphate and 

ceramide 1-phosphate are also implicated in tumor growth and dissemination. The 

present review highlights new aspects on the control of inflammation and cell 

migration by simple sphingolipids, with special emphasis to the role played by ceramide 

1-phosphate in controlling these actions. 
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5 

Ceramide 1-phosphate regulates cell migration and invasion of human 

pancreatic cancer cells. 

Rivera IG, Ordoñez M, Presa N, Gangoiti P, Gomez-Larrauri A, Trueba M, Fox T, Kester M, 

Gomez-Muñoz A. Biochem Pharmacol. 2016 Feb 15;102:107-119. 

 

Abstract 

Pancreatic cancer is an aggressive and devastating disease characterized by 

invasiveness, rapid progression and profound resistance to treatment. Despite years of 

intense investigation, the prognosis of this type of cancer is poor and there is no 

efficacious treatment to overcome the disease. Using human PANC-1 and MIA PaCa-2 

cells, we demonstrate that the bioactive sphingolipid ceramide 1-phosphate (C1P) 

increases pancreatic cancer cell migration and invasion. Treatment of these cells with 

selective inhibitors of phosphatidylinositol 3-kinase (PI3K), Akt1, or mammalian target 

of rapamycin 1 (mTOR1), or with specific siRNAs to silence the genes encoding these 

kinases, resulted in potent inhibition of C1P-induced cell migration and invasion. 

Likewise, the extracellularly regulated kinases 1 and 2 (ERK1-2), and the small GTPase 

RhoA, which regulates cytoskeleton reorganization, were also found to be implicated in 

C1P-stimulated ROCK1-dependent cancer cell migration and invasion. In addition, pre-

treatment of the cancer cells with pertussis toxin abrogated C1P-induced cell 

migration, suggesting the intervention of a Gi protein-coupled receptor in this process. 

Pancreatic cancer cells engineered to overexpress ceramide kinase (CerK), the enzyme 

responsible for C1P biosynthesis in mammalian cells, showed enhanced spontaneous 

cell migration that was potently blocked by treatment with the selective CerK inhibitor 

NVP-231, or by treatment with specific CerK siRNA. Moreover, overexpression of CerK 

with concomitant elevations in C1P enhanced migration of pancreatic cancer cells. 

Collectively, these data demonstrate that C1P is a key regulator of pancreatic cancer 

cell motility, and suggest that targeting CerK expression/activity and C1P may be 

relevant factors for controlling pancreatic cancer cell dissemination. 
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6 

Regulation of cell migration and inflammation by ceramide 1-phosphate. 

Presa N, Gomez-Larrauri A, Rivera IG, Ordoñez M, Trueba M, Gomez-Muñoz A. Biochim 

Biophys Acta. 2016 May;1861(5):402-9. 

 

Abstract 

Ceramide 1-phosphate (C1P) is a bioactive sphingolipid metabolite first shown to 

regulate cell growth and death. Subsequent studies revealed that C1P was a potent 

stimulator of cytosolic phospholipase A2 (cPLA2) with ensuing release of arachidonic 

acid and prostaglandin biosynthesis. The latter findings placed C1P on the list of pro-

inflammatory metabolites. More recently, C1P was found to potently stimulate cell 

migration, an action that is associated to diverse physiological effects, as well as to 

inflammatory responses and tumor dissemination. The implication of C1P in 

inflammation has gained further interest in the last few years due to the discovery that 

it can exert anti-inflammatory actions in some cell types and tissues. In particular, C1P 

has been demonstrated to inhibit pro-inflammatory cytokine release and blockade of 

the pro-inflammatory transcription factor NF-κB in some cell types, as well as to reduce 

airway inflammation and lung emphysema. The present review is focused on novel 

aspects of C1P regulation of cell migration and the impact of C1P as novel anti-

inflammatory agent. 
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7 

Implication of matrix metalloproteinases 2 and 9 in ceramide 1-phosphate-

stimulated macrophage migration. 

Ordoñez M, Rivera IG, Presa N, Gomez-Muñoz A. Cell Signal. 2016 Aug;28(8):1066-74.  

 

Abstract 

Cell migration is a complex biological function involved in both physiologic and 

pathologic processes. Although this is a subject of intense investigation, the 

mechanisms by which cell migration is regulated are not completely understood. In this 

study we show that the bioactive sphingolipid ceramide 1-phosphate (C1P), which is 

involved in inflammatory responses, causes upregulation of metalloproteinases (MMP) 

-2 and -9 in J774A.1 macrophages. This effect was shown to be dependent on 

stimulation of phosphatidylinositol 3-kinase (PI3K) and extracellularly regulated 

kinases 1-2 (ERK1-2) as demonstrated by treating the cells with specific siRNA to 

knockdown the p85 regulatory subunit of PI3K, or ERK1-2. Inhibition of MMP-2 or MMP-

9 pharmacologically or with specific siRNA to silence the genes encoding these MMPs 

abrogated C1P-stimulated macrophage migration. Also, C1P induced actin 

polymerization and potently increased phosphorylation of the focal adhesion protein 

paxillin, which are essential factors in the regulation of cell migration. As expected, 

blockade of paxillin activation with specific siRNA significantly reduced actin 

polymerization. In addition, inhibition of actin polymerization with cytochalasin D 

completely blocked C1P-induced MMP-2 and -9 expression as well as C1P-stimulated 

macrophage migration. It was also observed that pertussis toxin (Ptx) inhibited Akt, 

ERK1-2, and paxillin phosphorylation, and completely blocked cell migration. The latter 

findings support the notion that C1P-stimulated macrophage migration is a receptor 

mediated effect, and point to MMP-2 and -9 as possible therapeutic targets to control 

inflammation. 
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8 

Implication of Ceramide Kinase in Adipogenesis. 

Ordoñez M, Presa N, Trueba M, Gomez-Muñoz A. Mediators 

Inflamm. 2017;2017:9374563. 

 

Abstract 

Ceramide kinase (CerK) plays a critical role in the regulation of cell growth and survival 

and has been implicated in proinflammatory responses. In this work, we demonstrate 

that CerK regulates adipocyte differentiation, a process associated with obesity, which 

causes chronic low-grade inflammation. CerK was upregulated during differentiation of 

3T3-L1 preadipocytes into mature adipocytes. Noteworthy, knockdown of CerK using 

specific siRNA to silence the gene encoding this kinase resulted in substantial decrease 

of lipid droplet formation and potent depletion in the content of triacylglycerols in the 

adipocytes. Additionally, CerK knockdown caused blockade of leptin secretion, an 

adipokine that is crucial for regulation of energy balance in the organism and that is 

increased in the obese state. Moreover, CerK gene silencing decreased the expression 

of peroxisome proliferator-activated receptor gamma (PPARγ), which is considered the 

master regulator of adipogenesis. It can be concluded that CerK is a novel regulator of 

adipogenesis, an action that may have potential implications in the development of 

obesity, and that targeting this kinase may be beneficial for treatment of obesity-

associated diseases. 

  



Appendix 

187 
 

 

9 

Regulation of adipogenesis by ceramide 1-phosphate. 

Ordoñez M, Presa N, Dominguez-Herrera A, Trueba M, Gomez-Muñoz A. Exp Cell 

Res. 2018 Sep 26. pii: S0014-4827(18)30661-X.  

 

Abstract 

We showed previously that ceramide kinase (CerK) expression increases during 

adipogenesis pointing to a relevant role of intracellular C1P in this process. In the 

present work we demonstrate that administration of exogenous C1P inhibits the 

differentiation of 3T3-L1 pre-adipocytes into mature adipocytes through a mechanism 

involving activation of extracellularly regulated kinases (ERK) 1-2. Exogenous C1P 

reduced the accumulation of lipid droplets and the content of triacylglycerol in these 

cells, and potently inhibited the expression of the early and late adipogenic markers 

C/EBPβ and PPARγ, respectively. C1P also reduced the secretion of leptin, which is a 

crucial regulator of energy balance and appetite in the organism, and is considered to 

be a late marker of adipogenesis. Interestingly, all of these C1P actions were reversed 

by pertussis toxin, suggesting the intervention of a Gi protein-coupled receptor 

previously identified for C1P, in this process. Also, exogenous C1P significantly reduced 

CerK activity. Altogether, the data presented in this work suggest that exogenous C1P 

may balance adipogenesis, and that targeting CerK may be a novel way for potential 

applications in the treatment of obesity or other inflammation-associated diseases. 
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Vitamin E alleviates non-alcoholic fatty liver disease in 

phosphatidylethanolamine N-methyltransferase deficient mice. 

Presa N, Clugston RD, Lingrell S, Kelly SE, Merril AH Jr, Jana S, Kassiri Z, Gomez-Muñoz A, 

Vance DE, Jacobs RL, van der Veen JN.  

Abstract 

Phosphatidylethanolamine N-methyltransferase (PEMT) converts

phosphatidylethanolamine (PE) to phosphatidylcholine (PC), mainly in the liver. Pemt-/- mice are protected from high-fat diet (HFD)-induced obesity and insulin resistance, but 

develop severe non-alcoholic fatty liver disease (NAFLD) when fed a HFD, mostly due to 

impaired VLDL secretion. Oxidative stress is thought to be an essential factor in the 

progression from simple steatosis to steatohepatitis. Vitamin E is an antioxidant that 

has been clinically used to improve NAFLD pathology. Our aim was to determine 

whether supplementation of the diet with vitamin E could attenuate HFD-induced 

hepatic steatosis and its progression to NASH in Pemt-/- mice. Treatment with vitamin E 

(0.5 g/kg) for 3 weeks improved VLDL-TG secretion and normalized cholesterol 

metabolism, but failed to reduce hepatic TG content. Moreover, vitamin E treatment 

was able to reduce hepatic oxidative stress, inflammation and fibrosis. We also 

observed abnormal ceramide metabolism in Pemt-/- mice fed a HFD, with elevation of 

ceramides and other sphingolipids and higher expression of mRNAs for acid 

ceramidase (Asah1) and ceramide kinase (Cerk). Interestingly, vitamin E 

supplementation restored Asah1 and Cerk mRNA and sphingolipid levels. Together this 

study shows that vitamin E treatment efficiently prevented the progression from 

simple steatosis to steatohepatitis in mice lacking PEMT. 


	00_PORTADA TESIS BN
	Autorización director
	Autorización comision académica PD
	Autorización dpto
	13_ACTA GRADO DOCTORA
	01_Index
	02_Abstract
	03_Abbreviations
	04_Introduction
	05_Rationale of thesis and Objectives
	06_Materials and Methods
	07_Chapter 1
	08_Chapter 2
	09_Chapter 3
	10_Conclusions
	11_Appendix

