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Abstract 

ABSTRACT 

Lipins are evolutionarily conserved Mg2+-dependent phosphatidate phosphatases 

(PAP1) that generate diacylglycerol for phospholipid and triacylglycerol synthesis. In 

mammals, the Lipin family consists of lipin-1, lipin-2 and lipin-3. Lipin function has 

been mostly studied in mouse models, where mutations in the Lpin1 gene cause 

lipodystrophy. In humans, LPIN1 deleterious mutations lead to recurrent 

rhabdomyolysis in childhood but, surprisingly, do not affect fat distribution. However, 

reduced LPIN1 expression and PAP1 activity have been described in individuals with 

type 2 diabetes. In this doctoral thesis we investigate the roles of all lipin family 

members in human adipose tissue, adipogenesis and lipolysis.  We found that adipose 

tissue gene and protein expression of the lipin family is altered in type 2 diabetes. 

Depletion of every lipin family member in a human Simpson–Golabi–Behmel 

syndrome (SGBS) pre-adipocyte cell line, showed that all members alter adipogenesis 

in early stages (by reducing the expression levels of transcription factors). Nevertheless, 

in spite of the great reduction in PAP1 activity achieved (a 95% depletion in lipin-1 

knockdown cells), lipin-silenced cells differentiate and accumulate neutral lipids, 

pointing to the hypothesis of alternative pathways for triacylglycerol synthesis in human 

adipocytes under conditions of repressed lipin expression. We propose that the 

induction of alternative lipid phosphate phosphatases, along with the inhibition of lipid 

hydrolysis, contributes to the maintenance of triacylglycerol content to near normal 

levels. On the other hand, lipins also have a role in the recycling of the fatty acids 

released by the lipolytic pathway in mature adipocytes. All lipin members become 

dephosphorylated upon lipolytic induction, and translocate to the endoplasmic reticulum 

membrane, where they exert their function. This activation is induced by fatty acids and 

reversed with albumin, a fatty acid scavenger, or triacsin C, an inhibitor of long chain 

acyl-CoA synthetases. Depletion of every lipin family member in SGBS adipocytes, in 

which lipolysis is subsequently stimulated, revealed a role for lipins in neutral lipid 

metabolism. Depletion of lipin-1 also abolishes the formation of the micro lipid droplets 

(mLDs), normally formed in the cellular periphery for fatty acid re-esterification into 

TAGs. Overall, our data support that lipins may not have an indispensable role in 

adipogenesis, but their depletion compromise fatty acid recycling and metabolism. 

Therefore, their implication in obesity-associated comorbidities, such as diabetes, 
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characterised by increased lipolysis but decreased lipin-1 expression, should be further 

investigated. 
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RESUMEN 

Las lipinas son una familia de fosfatasas de ácido fosfatídico (PAP1) dependientes de 

Mg2+ evolutivamente conservadas, que generan diacilglicerol a partir de ácido 

fosfatídico, para la síntesis de triacilglicerol. En mamíferos, la familia de las lipinas 

consiste en la lipina-1, lipina-2, y lipina-3. Las funciones de las lipinas han sido 

principalmente estudiadas en ratones, modelos en los cuales la mutación del gen de 

Lpin1 causa lipodistrofia. En humanos, mutaciones deletéreas en el gen LPIN1 

provocan rabdomiolisis recurrente durante la infancia pero, sorprendentemente, no 

afectan a la distribución de grasa. Sin embargo, se ha detectado que individuos con 

diabetes tipo 2 manifiestan niveles reducidos tanto de expresión de LPIN1 como de la 

actividad PAP1. En esta tesis doctoral se estudia la función de los miembros de la 

familia de las lipinas en el tejido adiposo humano, la adipogénesis y la lipólisis. 

Demostramos que la expresión de la familia de las lipinas está alterada en el tejido 

adiposo de individuos con diabetes tipo 2 a nivel de mRNA y proteína. La depleción de 

cada miembro de la familia de las lipinas en la línea celular humana de preadipocitos 

del síndrome Simpson–Golabi–Behmel (SGBS) mostró que, a pesar de que los tres 

miembros tienen un papel en la adipogénesis en estadios tempranos (reduciendo los 

niveles de expresión de factores de transcripción) y la gran reducción de la actividad 

PAP1 obtenida (95% para las células silenciadas en lipina-1), los adipocitos 

deplecionados en lipinas se diferencian y acumulan lípidos neutros, llevándonos a la 

hipótesis de la existencia de vías alternativas para la síntesis de triacilglicerol en 

adipocitos humanos cuando la expresión de las lipinas es reprimida. Proponemos que la 

inducción de las fosfatasas de lípidos fosfato, junto con la inhibición de la hidrólisis de 

lípidos, contribuye a mantener el contenido de triacilglicerol cerca de la normalidad. 

Además, las lipinas también tienen un papel en el reciclaje de los ácidos grasos 

liberados tras la inducción de la lipolisis en el adipocito maduro. Tras la inducción de la 

lipólisis, todos los miembros de la familia de las lipinas se defosforilan y desplazan a la 

membrana del retículo endoplásmico, donde ejercen su función. Esta activación es 

producida por los ácidos grasos liberados por la vía lipolítica y puede ser revertida con 

albúmina, que atrapa los ácidos grasos, o triacsin C, un inhibidor de la sintetasa de acyl-

CoA de cadena larga. La depleción de los miembros de la familia de las lipinas en 

adipocitos SGBS, en los cuales la lipólisis es inducida posteriormente, demuestra el 

papel de las lipinas en el metabolismo de lípidos neutros. La depleción de la lipina-1 
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impide la formación de micro gotas lipídicas (mLDs), que se forman normalmente en la 

periferia de la célula tras la inducción de la lipólisis como resultado de la re-

esterificación de ácidos grasos en triacilglicerol. En resumen, nuestros datos indican que 

las lipinas parecen no tener un papel indispensable en la adipogénesis humana pero su 

depleción compromete el reciclaje de ácidos grasos y puede alterar el metabolismo del 

adipocito. Por ello, creemos que futuros estudios deberían investigar la implicación de 

la familia de las lipinas en enfermedades asociadas a la obesidad, como la diabetes, 

caracterizada por un incremento en la lipólisis y una depleción de los niveles de lipina-

1. 
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1. CHAPTER 1.  GENERAL INTRODUCTION 
 

1.1. OBESITY, DIABETES AND THE METABOLIC SYNDROME 

Obesity is associated with the incidence of multiple comorbidities and this includes type 

2 diabetes, which is pointed as one of the top causes of death worldwide by the World 

Health Organization (WHO) [1]. The incidence of obesity and diabetes is steadily 

raising and reaching dramatic proportions, especially in the last decades [2, 3]. This fact 

drives the need to increase the knowledge of the basis and mechanisms that link obesity 

and type 2 diabetes.  

 

1.1.1. OBESITY 

The WHO defines overweight and obesity as abnormal or excessive fat accumulation 

that presents a health risk [3]. The main cause of this disorder is an improper energy 

balance between consumed and expended calories due to the increase in food intake and 

sedentary lifestyle [3]. The WHO estimated that about 13 per cent of the world’s adult 

population were obese in 2014 [3]. Nevertheless, in Spain the age-standardised rate of 

obesity in adults was estimated to be 23.7 per cent, whereas 60.9 per cent of adults were 

classified as overweight in 2014 [2]. 

Two indicators have proved their utility to determine overweight and obesity and 

predict the obesity-related health risk: body mass index (BMI) and waist circumference 

[4]. BMI is a measure of body fat, based on height and weight, which constitutes a 

useful tool to classify overweight and obesity in adults. On the other hand, the risk of 

obesity-associated comorbidities increases with BMI. 

!"# = !"#$ℎ! (!")
ℎ!"#ℎ!! (!!) 

 

According to the WHO criteria, a BMI equal or greater than 25 is considered 

overweight, while a BMI equal or greater than 30 is considered obesity (Table 1.1). 

Conversely, normoweight has a range of BMI between 18.5 and 24.9 [5].  

The waist circumference, according to the WHO, is the measurement (cm) made at the 

approximate midpoint between the lower margin of the last palpable rib and the top of 

the iliac crest [6]. Despite the fact that waist circumference is closely related to BMI, it 
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provides an independent prediction of risk, especially in patients whose BMI indicates 

normality or overweight [7]. Besides, some researchers have suggested that waist 

circumference is a better marker than BMI for predicting obesity-related health risk as a 

specific measure of abdominal obesity [8, 9]. The WHO has described the cut-off points 

for waist circumference to facilitate the diagnosis and determine the risk of metabolic 

diseases (Table 1.2) [6]. 

 

Classification BMI (kg/m2) Risk of comorbidities 
Underweight ≤18.5 Low (but risk of other clinical 

problems increased) 
Normal Range 18.5-24.9 Average 
Overweight 

Pre-obese 
Obese class I 
Obese class II 
Obese class III 

≥ 25 
25-29.9 
30-34.99 
35-39.99 
≥ 40 

 
Increased 
Moderate 
Severe 
Very severe 

TABLE 1.1 Classification of overweight and obesity by BMI. Adapted from WHO [5]. 

 

Waist circumference (cm) Risk of metabolic complications 
Woman          94  
Men               80  Increased 

Woman        102  
Men               88  Substantially increased  

TABLE 1.2 Metabolic risk relative to wait circumference. Adapted from WHO [6]. 

 

Obesity can lead to the development of chronic disorders such as type 2 diabetes, 

cardiovascular diseases, sleep apnoea, osteoarthritis, and several types of cancer [3, 8]. 

In fact, obesity has been recognised as a main component of the metabolic syndrome. 

This syndrome describes the co-existence of several risk factors including obesity, 

hypertension, hyperlipidaemia, hyperglycaemia and prothrombotic and 

proinflammatory states, which collectively contribute to the increase in the 

cardiometabolic risk, cancer development and mortality, and diabetes [10]. Therefore, 

the metabolic syndrome has been suggested as an early indicator of chronic disease risk 

[10]. 
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1.1.2. DIABETES 

Diabetes is a chronic-degenerative disease, characterised by high levels of blood 

glucose [1], either because patients are not producing enough insulin (type 1 diabetes) 

or because the body does not respond properly to the hormone (type 2 diabetes). The 

high blood glucose levels can lead to diabetes complications and to the development of 

several diseases such as cardiovascular disease, blindness, kidney disease and end-stage 

renal failure, and lower-limb amputation [1, 11]. Among individuals with diabetes, 

cardiovascular disease is the leading cause of morbidity and mortality. Adults with 

diabetes have a two- to four-fold higher risk of cardiovascular disease compared with 

those without diabetes [12]. 

Diabetes is recognised as one of the four main noncommunicable diseases [2]. The 

International Diabetes Federation (IDF) has estimated that in 2015 one in 11 adults had 

diabetes and five million adults died from diabetes worldwide [11]. In Spain, the 

prevalence of diabetes in adults was estimated as being 10.4 per cent in 2015 [11]. 

Besides, it has been estimated that, by 2030, diabetes will be the seventh leading cause 

of death [13]. 

There are three main types of diabetes: type 1, type 2 and gestational diabetes. Type 1 

diabetes is a chronic and multifactorial metabolic disease that occurs in genetically 

susceptible subjects, and is characterised by autoimmune pancreatic beta cell 

destruction affecting young adults [14]. On the contrary, type 2 diabetes is characterised 

by insulin resistance, which means that the body can produce insulin but is not able to 

properly use it or keep the glucose levels in a normal range [1]. Last, when the 

hyperglycaemia is first detected during pregnancy it is classified as gestational diabetes. 

Gestational diabetes is the most common metabolic disorder during pregnancy 

worldwide, and women diagnosed with gestational hyperglycaemia are at higher risk to 

develop type 2 diabetes [1]. 

Type 2 diabetes is the most common form of diabetes (at least 90 per cent of all cases) 

[1, 15]. It normally occurs in adults, but is increasingly being diagnosed in children and 

adolescents [16, 17]. Type 2 diabetes is caused by a combination of genetic and lifestyle 

factors, where both metabolic and genetic factors interfere [1]. Nevertheless, the 

activation of a genetic predisposition to diabetes requires the presence of environmental 

and behavioural factors, such as physical inactivity, overweight and obesity [18].  
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Insulin resistance and type 2 diabetes are considered important sequels of obese related 

adipocyte dysfunction [1, 19, 20]. Both BMI and the presence of obesity are directly 

proportional to the incidence and severity of type 2 diabetes, and the risk of diabetes is 

increased seven times in obese people compared with healthy weight subjects [21]. 

Despite this association, many obese people do not develop diabetes. The diabetes risk 

is influenced by the quantity of fat, but it is also determined by fat distribution [22, 23]. 

The accumulation of fat in the visceral cavity, even in individuals with a normal BMI, is 

closely related to the development of metabolic dysfunction, including insulin resistance 

and type 2 diabetes [23]. This association points to the need for employing waist 

circumference, or other methods, to determine the abdominal fat as was discussed 

above. 
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1.2. ADIPOSE TISSUE 

The constant in overweight and obese patients is the expansion of adipose tissue (AT). 

In obesity, the dysfunction of AT promotes insulin resistance and type 2 diabetes, 

together with other associated comorbidities [22, 24]. Thus, the study of this organ is 

central to the understanding of metabolic abnormalities associated with the development 

of obesity. The AT is involved in energy balance and controls fat storage and 

degradation, and promotes weight gain or weight loss [22]. Taking into account all the 

above, we will discuss the different types of AT in humans, with a strong focus in white 

AT (WAT), wherein we carried out this study. 

 

1.2.1. TYPES AND FEATURES OF ADIPOSE TISSUE 

The AT is a connective tissue composed mainly by fat cells or adipocytes. In mammals, 

AT is classified based on its macroscopic appearance as WAT and brown AT (BAT). 

Besides these well defined ATs, another type of adipocyte has been described, the beige 

adipocyte [22, 25], whose principal characteristics are also addressed in this section.  

 

1.2.1.1. WAT AND BAT  

Besides different appearance, WAT and BAT are characterised by contrasting origin, 

anatomical locations, morphological structures, functions and regulation [22, 26]. The 

main points of these distinctive features are described below. 

1.2.1.1.1. Morphology		
Some differences have been described in these tissues at the structural level. BAT is 

more vascularised than white fat, due to its greater oxygen demand and the need for heat 

dissipation, and shows a denser nerve supply [27]. Besides, the higher density of 

mitochondria and capillaries confers to this tissue its characteristic brown colour [26]. 

On the other hand, white adipocytes constitute about 90 per cent of the WAT volume, 

although they might be less frequent in number compared with other cell types [28]. 

WAT and BAT also differ at the cellular level. The major cell type defines the 

appearance of both tissues: white or brown adipocytes (Fig. 1.1). 

White adipocytes (Fig. 1.1a) are spherical cells with diameters ranging from 20 to 200 

µm [28]. They contain unilocular lipid droplets (LDs), which occupy 95 per cent of the 



Chapter1: General introduction  
 

 6 

cell volume, a small amount of cytoplasm displaced to the periphery, a non centrally 

located nuclei and a variable amount of thin and elongated mitochondria [26, 29]. The 

size of the LD determines the size of the adipocyte [26]. Indeed, the physical 

adaptability and the storage capacity of white adipocytes are key components of their 

function [30]. 

 

 
FIGURE 1.1 Distribution of WAT and BAT and morphology of adipocytes. (a) WAT is distributed 

in subcutaneous (abdominal, femoral and gluteal) and visceral (epicardial, gonadal, mesenteric, 
omental and retroperitoneal) depots. White adipocytes have an unilocular large LD. (b) BAT is 
distributed in several depots and characteristic brown adipocytes show multilocular LDs and 
high mitochondrial content. Figure adapted from Harms and Seale [29] and Park et al. [31]. 

Brown adipocytes (Fig. 1.1b), in contrast, are typically polygonal cells with a variable 

size, which contain triacylglycerol (TAG) as multiple small vacuoles of different sizes, 

a large amount of cytoplasm and, as their main characteristic, numerous large and 

spherical mitochondria that are functionalised by uncoupling protein 1 (UCP1) [26, 27].  
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1.2.1.1.2. Distribution	
WAT is the most abundant AT and it is distributed throughout the body (Figure 1.1a). 

Two different white fat depots have been defined in humans: the subcutaneous AT 

(SAT), located in the hypodermis, and the visceral AT (VAT), stored inside the visceral 

cavity [22]. SAT is located underneath the skin, where it provides insulation from heat 

or cold, inside the abdominal cavity and in the intramuscular fat that is interspersed 

amongst skeletal muscles. In humans, SAT is typically distributed around the hips, 

thighs and buttocks and stores more than 80 per cent of total body fat [28]. On the other 

hand, VAT constitutes between 5 and 20 per cent of total body fat, and it is located 

inside the peritoneum and distributed around internal organs for providing protective 

padding [28]. These deposits present different morphology, function, metabolism and 

origin [22, 28]. 

BAT depots are considerably smaller by volume than WAT depots (50-80 grams on 

average), and this difference is higher in humans compared to other mammals [27]. 

BAT depots in adults persist primarily in the upper trunk such as cervical, 

supraclavicular, paravertebral, pericardial and, to some extent, mediastinal and 

mesenteric areas (Fig. 1.1b).  

1.2.1.1.3. Function	
Both types of AT regulate energy balance but with different and antagonistic functions 

[27]. While WAT is specialised in storing excess calories for its use in times of scarcity, 

BAT is a thermogenic tissue specialised in heat production. 

WAT is a recognised endocrine organ responsible for the maintenance of the metabolic 

homeostasis [22]. It maintains the energy balance and is specialised in handling fatty 

acids and TAG [25]. When the energy intake is higher than the metabolic demand, 

white adipocytes store fatty acids as TAGs in LDs. On the other hand, during starvation, 

lipolysis is the principal active mechanism in WAT, which constitutes the main source 

of energy for other organs [30]. WAT also serves as an endocrine organ and synthesises 

a great number of biologically active compounds [25, 30]. Thus, fat cells secrete 

numerous hormones, growth factors, enzymes, cytokines, complement factors, and 

matrix proteins through which they regulate several processes including food intake, 

energy expenditure, metabolism homeostasis, immunity and blood pressure homeostasis 

[32-34].  
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In contrast to WAT, BAT is specialised in thermogenesis, the dissipation of chemical 

energy through production of heat, as a defence against a cold environment [25]. The 

generation of heat is produced through the presence of mitochondrial UCP1, which 

dissipates the proton gradient across the inner mitochondrial membrane. This process is 

primarily fuelled by the oxidation of fatty acids [33]. During brown adipogenesis, the 

expression of peroxisome proliferator-activated receptor γ (PPARγ), PPARγ 

coactivator-1 (PGC1) alpha and UCP1 is induced [35]. PGC-1α is crucial for brown 

adipogenesis, as the master regulator of mitochondrial biogenesis and the respiratory 

function of mitochondria, and inductor of UCP1 expression [25].  

In humans, BAT develops and differentiates before birth to protect newborns against 

cold, is mainly present during the neonatal period and decreases with age. Nevertheless, 

several studies have recognised the presence of brown fat also in adult humans [27, 36]. 

In adults, BAT activity is regulated by environmental and nutritional factors, and it has 

been related to leanness, euglycaemia, decreased risk of insulin resistance and diabetes 

mellitus, and to an improved lipid profile [22, 36, 37]. It has been estimated that human 

fully activated BAT can contribute to five per cent of the basal metabolic rate [38]. This 

means that stimulation of BAT could be supportive in body weight maintenance in 

humans and could be important to combat obesity and its related chronic metabolic 

diseases [22, 37]. Many studies have studied the therapeutic activation of brown-fat-

mediated thermogenesis as a strategy to alleviate obesity-related metabolic dysfunction, 

although without a complete success yet [27, 37, 39].  

1.2.1.1.4. Origin	
BAT and WAT have different lineage origins that come from the paraxial mesoderm 

[22, 40]. Brown adipocytes arise from the same progenitors as myocytes and share the 

myogenic factor 5 (MYF5), paired box 3 (PAX3) and paired box 7 (PAX7) markers 

[27, 41]. However, the developmental origin of WAT adipocytes still remains unclear 

although differential lineage origins may explain the heterogeneity in WAT depots. 

Both mesoderm and neural crest appear to give rise to subsets of white adipocytes [22]. 
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1.2.1.2.  BEIGE ADIPOCYTES 

This apparently simple classification of AT in mammals was challenged after the 

observation of clusters of adipocytes with brown-morphology, which develop in WAT 

in response to several stimuli in mice [29].  

In mice, the formation of beige adipocytes in WAT increases the mitochondrial function 

and protects animals against high fat diet-induced obesity and insulin resistance [37]. 

Besides, beige and brown adipocytes share the expression of a core set of thermogenic 

genes (such as UCP1, cell-death inducing DNA fragmentation factor-α-like effector A 

(CIDEA) or PGC1A) and a similar morphology with multilocular LDs and high 

mitochondrial content (Fig. 1.2a) [29].  

 

 
Nevertheless, differences between brown and beige adipocytes led to the idea that they 

are two different cellular types. Several facts support this: (1) beige adipocytes emerge 

from a MYF5- lineage and may be formed by the activation and differentiation of a 

dormant precursor cell or through the transdifferentiation of white adipocytes [22, 27]; 

(2) while BAT is active under non-stimulated conditions, beige adipocytes are highly 

FIGURE 1.2 Beige and 
brown adipocytes in 
humans. (a) Schematic 
illustration of beige 
adipocyte´s morphology. 
(b) BAT is found in the 
interscapular and 
perineal region in 
infants. Representative 
histological sections of 
human classical brown 
adipocytes (black arrow) 
in the interscapular BAT 
of infants (c), versus the 
adult supraclavicular 
BAT, with a phenotype 
more similar to rodent 
beige adipocytes (d). 
Images from (c, d) Lidell 
et al. [42]. Pictures 
adapted from (a) Sidossis 
and Kajimura [37], and 
(b) Harms and Seale 
[29]. 



Chapter1: General introduction  
 

 10 

inducible (which is known as browning) by cold-exposure, exercise and chronic 

stimulation with β-adrenergic or with PPARγ agonists [29, 37]; (3) a number of 

quantitative trait loci, which have been associated with the induction of beige adipocyte 

development, are not related with BAT [22, 29]; and, finally, (4) they express distinct 

gene signatures with beige adipocytes being characterised by unique genetic markers 

[27, 29]. 

In humans, the composition of fat depots that show thermogenic activity, regard to 

brown and beige adipocytes, is still a matter of debate [43]. Indeed, previously 

identified BAT depots in adults are actually composed of beige adipocytes: the 

subcutaneous supraclavicular, posterior mediastinum, mesenteric, retroperitoneal, and 

intra-abdominal depots [39, 44]. Besides, these depots express beige mRNA and protein 

markers [44, 45].  

On the other hand, the study presented by Lidell et al [42] defends the existence of both 

types of adipocytes in humans: classical brown adipocytes exist in the interscapular 

BAT of infants (Fig. 1.2c), while beige clusters in WAT are found in other adult BAT 

depots, such as supraclavicular and perirenal BAT (Fig. 1.2b and d). Furthermore, a 

recent study in humans showed browning of SAT in burned patients [46], probably 

through the transdifferentiation of white adipocytes due to the severe adrenergic 

stimulation caused by the stress response. 

 

1.2.2. SAT AND VAT DEPOTS 

White adipocytes behave as endocrine, paracrine and autocrine cells and secrete 

numerous lipid and protein factors that influence the metabolism and several functions 

in other tissues [25, 30]. WAT cells collectively regulate several biological functions 

such as coagulation, appetite, immunity, glucose and lipid metabolism, reproduction, 

angiogenesis, fibrinolysis, body weight homeostasis and vascular tone control (Fig. 1.3) 

[33, 34]. Nevertheless, the main function of WAT is to regulate the energy balance by 

controlling fat synthesis, or lipogenesis, and fat breakdown, through lipolysis and fatty 

acid ß-oxidation (FAO) [30, 32].  

Although WAT is distributed throughout the entire body and has the capacity to expand 

massively, only two regions are regarded as relevant for the systemic metabolism: intra-

abdominal (VAT) and SAT [25, 47]. A link between fat distribution and metabolic 
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health has been suggested since visceral obesity is associated with an increase in 

metabolic alterations, insulin resistance, type 2 diabetes, elevated cardiovascular risk 

and premature death [28, 47]. On the other hand, SAT has been considered more neutral 

and preferential lower body SAT gain seems to have a protective effect [28, 47], since it 

provides a lipid buffer function by sequestering potential lipotoxicity and protecting 

against obesity-metabolic associated disorders [22, 28, 47].  

 

Two main hypotheses have been proposed to explain the role of VAT in lipid and 

glucose metabolism, and in insulin sensitivity impairment. First, the portal hypothesis 

defends that obesity-induced lipolysis leads to an increase in fatty acid release that, in 

the case of VAT, targets directly to the liver through the portal vein and affects liver 

function. The second hypothesis holds that is due to cell-autonomous mechanisms, such 

as the secretion of a different adipokine profile. VAT produces more pro-inflammatory 

cytokines and less anti-inflammatory adiponectin, which may lead to a low-grade 

chronic inflammation [25, 28]. Therefore, the specific mechanisms of their different 

effects have not been completely elucidated but it is clear that WAT is not uniform and, 

depending on its location in the body, displays distinct structural and functional 

properties.  

Several differentiations between these two WAT compartments have been described 

and contribute to explain their distinct functions: (1) VAT and SAT differ, in quantity 

FIGURE 1.3 
Functions of WAT. 
The most significant 
WAT functions are 
represented. Adapted 
from Trayhurn [33] 
and Coellho et al. [34]. 
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and proportion, in cellular composition (adipocytes, blood vessel stromal cells and 

immune system cells), inflammatory cell infiltration, vascularization and innervation 

[22, 28, 47]; (2) VAT and SAT adipocytes differ in their replication, adipogenesis, 

apoptosis, senescence, cytokine expression, lipolytic response and morphology [22, 28, 

34, 47, 48]. 

In the latter respect, SAT pre-adipocytes show higher replication and adipogenesis 

capacity and VAT pre-adipocytes have increased rates of senescence and apoptosis [47]. 

Furthermore, both depots display differential secretion of proteins [48], including 

important adipokines such as leptin and adiponectin, which are lower in VAT compared 

to SAT [34]. With regard to metabolism, VAT adipocytes display an increased 

adrenoreceptor-mediated lipolysis response and greater fatty acid flux [47], and VAT 

exhibits a different expression of β-adrenoreceptors, with higher levels of β1- and β3-

adrenoceptors but lower β2-adrenoreceptor expression [49]. Finally, VAT adipocytes 

are smaller than SAT adipocytes and, despite that both tissues can significantly alter 

their volume according to the amount of stored TAGs, the range of sizes is more evident 

in SAT [22].  

 

1.2.3. WAT EXPANSION IN OBESITY 

WAT weight ranges from 5 to 60 per cent of total body weight, due to its plasticity [32]. 

Moreover, fat localization, oxygenation, vascular development of the tissue, and the 

microenvironment of the cell, including the extracellular matrix, are essential in 

maintaining cell and tissue function [22, 50]. The pathological expansion of WAT 

during weight gain is accompanied by several biological and morphological changes 

that promote its associated metabolic alterations [22, 50].  

Obese WAT is composed by a lower cell number but larger adipocytes, which display 

changes in their membrane proteins, metabolism, and secretion of adipokines and 

inflammatory cytokines [22, 50, 51]. The metabolic changes include altered lipid and 

glucose metabolism, insulin resistance, increased lipolysis, reduced sensitivity to the 

anti-lipolytic effects of insulin, decreased expression of mitochondrial genes and 

impaired mitochondrial function [50-52]. Besides, during the pathological expansion of 

WAT, adipocytes undergo hypoxia, which is recognised as one of the causes of insulin 

resistance, inflammation and fibrosis (Fig. 1.4) [32, 33].  
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FIGURE 1.4 WAT remodelling in obesity. The pathological expansion of AT in obesity is associated 

with hypertrophy, increased immune cell infiltration and inflammation, increased apoptosis, 
impaired vascularization, hypoxia, fibrosis, increased lipolysis and insulin resistance. Figure 
adapted from Rodríguez et al. [50]. 

The adipocyte number increases after birth and during adolescence, which represent 

critical periods for subsequent obesity development. The adipocyte turnover continues 

throughout life, although the number of adipocytes is relatively stable and does not react 

to weight changes in adulthood [53, 54].  

AT can store excess lipids through enlargement of adipocytes (hypertrophy) and/or by 

the recruitment of new precursor cells (hyperplasia) [22]. Under normal conditions, 

hypertrophy is followed by hyperplasia. That is, when adipocytes reach their limit of 

storage capacity, adipogenesis is induced and new adipocytes are formed. 

Both SAT and VAT can expand by hypertrophy and hyperplasia, although there are 

some distinct characteristics. In this regard, SAT grows preferentially by hyperplasia 

[22] and shows higher limit of storage capacity compared with VAT [55]. On the other 

hand, VAT exhibits a greater hypertrophy potential [22], and contributes to WAT 

expansion in adult life [50]. Nevertheless, lean individuals exhibit bigger adipocytes in 

SAT than in VAT [56].  

The adipocyte size is associated with insulin resistance, inflammation and cell death 

susceptibility [57, 58]. On the contrary, hyperplasia in both VAT and SAT regions 

appears to be protective against lipid as well as glucose abnormalities [59], and 

individuals that respond to overfeeding with hyperplasia maintain a healthier obese 

phenotype [50, 51].  
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However, the SAT depot has a limited ability to expand and recruit new cells. When 

SAT reaches its storage capacity, dysfunctional fat loses its buffering function and is 

associated with visceral and hepatic fat enlargement, systemic inflammation and 

lipotoxicity [28, 52, 56].  

In obesity, adipose morphology changes due to both increased adipocyte hypertrophy 

and decreased hyperplasia and angiogenesis [53]. Adipocyte turnover, or adipocyte 

birth/death rate, is significantly reduced in human obesity [53]. The adipogenic 

impairment, in both obese SAT and VAT, leads to the accumulation of undifferentiated 

precursors, unable to storage fat, and consequently, the induction of ectopic fat storage, 

insulin resistance and the development of type 2 diabetes [52, 55]. Both hypertrophy 

and hypoplasia have been associated with obesity and obesity-associated type 2 diabetes 

[51, 57, 58]. Together, they are related to metabolic dysfunction, possibly through 

disturbances in mitochondrial function and increased cell death within the AT [24, 51]. 
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1.3. ADIPOGENESIS 

The process whereby multipotent stem cells (which can develop into more than one cell 

type) are transformed into mature differentiated adipocytes is named adipogenesis [60]. 

Adipogenesis is a complex, multistep process, tightly regulated by the sequential 

activation of the transcription factors that are responsible for the expression of key 

proteins for adipocyte maturation [60, 61]. Numerous adipogenic inducers have been 

described, including PPARγ which is considered a master regulator of adipogenesis, 

insulin-like growth factor I (IGF-l), macrophage colony stimulating factor, fatty acids, 

prostaglandins and glucocorticoids [62]. On the other hand, inhibitors include 

glycoproteins, transforming growth factor-β (TGF-β), inflammatory cytokines and 

growth hormone (GH) [62]. Despite the basic adipogenic network is known, the 

intracellular mechanisms, factors and cofactors are continually being redefined [63]. 

In the following sections, white adipogenesis will be discussed and emphasis will be 

given when referred to human studies. 

 

1.3.1. ADIPOSE PRECURSORS IN ADULT ADIPOSE TISSUE 

WAT is formed by adipocytes and the stromavascular fraction (SVF), which is 

composed of pre-adipocytes, pericytes or multipotent stem cells, vascular wall and 

endothelial cells, macrophages, lymphocytes, eosinophils, neutrophils, mast cells and 

hematopoietic progenitor cells [28]. Adult AT contains multipotent mesenchymal stem 

cells, known as adipose-derived stem cells (ASCs), which can differentiate into all cells 

of the mesodermal lineage including adipocytes, osteoblasts, chondrocytes and 

myocytes [63]. ASCs show different adipogenic capabilities with respect to their 

anatomical localization, and both mice and human SAT exhibit greater differentiation 

capacity than VAT [22]. 

In mice, cell surface markers (Lin-, Sca-1+, CD34+, CD24+, a7-, PDGRFα+) have 

identified ASCs as a subpopulation that forms both VAT and SAT depots [64-67]. On 

the other hand, in humans, native CD45−/CD34+/CD31− showed potential to become 

both white and beige in response to specific stimuli [68, 69]. Furthermore, in obesity, 

some studies have reported the contribution of haematopoietic precursors to new 

adipogenesis in both mice [70] and humans [71].  
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The adipogenic capacity of ASCs is limited under basal conditions, but it is increased 

during high fat feeding [61, 63]. Besides, some factors such as age, gender and life style 

may affect the adipogenic process [62]. In human adults, approximately ten per cent of 

adipocytes turn over per year [54]. The replacement of poorly functioning adipocytes 

could be beneficial for the intervention in obesity and metabolic diseases [63].  

 

1.3.2. ADIPOGENESIS STAGES 

As mentioned before, adipogenesis is a tight controlled multi-step process. ASCs give 

rise to the adipose lineage through two major steps (Fig. 1.5): an early commitment or 

determination step, which produces pre-adipocytes, and a terminal maturation or 

differentiation [60, 61].  

 
1.3.2.1. DETERMINATION: FROM MULTIPOTENT CELLS TO 

PRE-ADIPOCYTES  

This is the first stage of adipogenesis and involves the commitment of multipotent 

ASCs to unipotent pre-adipocytes (Fig 1.5). Pre-adipocytes are morphologically 

identical to ASCs but they have lost their potential to differentiate into mesenchymal 

cells other than the adipocyte lineage [60, 72]. Instead, pre-adipocytes can be either 

maintained and amplified, or differentiated into mature adipocytes [61]. 

The commitment step is highly regulated and depends on a variety of signalling and 

transcription factors [60, 72]. These include Wnt glycoproteins, the hedgehog family 

protein and the bone morphogenetic proteins (BMPs) [60, 61]. Wnt and hedgehog 

signalling factors are downregulated during adipogenesis. The activation of both 

signalling pathways leads to adipogenesis impairment by reducing the expression of 

C/EBPα and PPARγ2 [61, 73]. On the other hand, the BMPs are extracellular cytokines 

that stimulate the commitment into different mesenchymal cells, depending on the 

concentration and type of the cytokine [60, 61]. White pre-adipocytes induce BMP4 

levels during adipogenesis, which increased both commitment and differentiation of 

human precursor cells by inducing PPARγ expression [74].  
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1.3.2.2.  DIFFERENTIATION: FROM PRE-ADIPOCYTES TO 
MATURE ADIPOCYTES 

Adipocyte differentiation is the process whereby pre-adipocytes acquire the phenotype 

and functional characteristics of mature adipocytes, responsible for lipid synthesis, 

transportation, and expenditure, and for the production of adipokines that modulate 

energy homeostasis [60, 61].  

This step requires the coordinated activation of numerous transcription factors, which 

are in charge of a remarkable change in the gene expression profile that constitutes the 

adipocyte-specific signalling cascade [72, 73]. PPARs and CCAAT/enhancer-binding 

proteins (C/EBPs) families stand out among all these transcription factors and 

interacting proteins, and play critical roles in the differentiation process [60]. 

Adipocyte differentiation includes four main phases, namely growth arrest, mitotic 

clonal expansion (MCE), early differentiation and terminal differentiation [60, 75]. 

1.3.2.2.1. Growth	arrest	
Cultured pre-adipocytes undergo proliferation until reaching confluence, which leads to 

growth arrest and may play a role in the induction of early differentiation markers [60, 

76]. The physical contact or cellular confluence is a requirement for many in vitro 

models of adipogenesis. 

1.3.2.2.2. Mitotic	clonal	expansion	
Despite the importance of growth arrest, one or two additional rounds of cell division or 

postconfluence mitosis are an important requirement in some pre-adipocyte models. For 

example, the mouse cell lines 3T3-L1 and 3T3-F442A need to undergo several rounds 

of mitosis, whereas it is not needed in other cell lines such as mouse C3H10T1/2 and 

human pre-adipocytes [76].  

Murine pre-adipocytes synchronously re-enter the cell cycle after an adequate induction 

of differentiation [60, 75]. It is believed that the MCE is necessary to enable the binding 

of transcription factors to regulatory response elements of adipogenic genes in the 

relaxed form of DNA, which is characteristic of replication [75, 77]. During MCE, pre-

adipocytes express several transcription factors and regulators that increase PPARγ and 

C/EBPα expression that will be required for the terminal differentiation phase [60, 77].  
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1.3.2.2.3. Early	differentiation	
The first phase of differentiation, or early differentiation, is initiated by hormonal 

stimuli. After hormonal induction, a rapid and transient increase in transcription and 

expression of early adipogenic activators occurs: C/EBPδ, C/EBPβ and Kruppel-like 

factors (KLFs). They play early catalytic roles in the adipogenic pathway and increase 

the expression of PPARγ and C/EBPα [60, 76]. Besides, the binding of these early 

transcriptional factors triggers the histone-modifying enzymes to remodel the chromatin 

and the subsequent binding of other transcriptional factors such as PPARγ. Therefore, 

adipogenesis progresses by the induction and silencing of specific genes [73]. 

The C/EBP family belongs to a family of highly conserved basic leucine zipper 

transcription factors, consisting of six members [60, 75]. C/EBPβ and C/EBPδ have 

been recognised as the first transcription factors induced during adipogenesis. They 

direct the differentiation process, and their absence causes adipogenesis impairment 

even when the induction of the main adipogenic factors (C/EBPα and PPARγ) takes 

place [78].  

The KLFs are zinc-finger transcription factors that control adipogenesis. In the 3T3-L1 

cell line, KLF4, KLF5, KLF9 and KLF15 enhance the differentiation process by 

inducing the expression of C/EBPβ, C/EBPα and PPARγ [60, 79]. On the other hand, 

both KLF2 and KLF7 remarkably inhibit adipogenesis. They are highly expressed in 

both human and 3T3-L1 pre-adipocytes and dramatically diminish 

upon adipocyte differentiation [79]. 

1.3.2.2.4. 	Terminal	differentiation		
The terminal differentiation phase induces the mechanisms that lead to functional 

adipocytes (Fig 1.5): insulin signalling, lipid synthesis and transport, secretion of 

adipocyte specific proteins and other metabolic capacities [61, 73]. In this phase, the 

expression of the directors of the early differentiation, C/EBPδ and C/EBPβ, diminishes. 

Rather, they are replaced by PPARγ and C/EBPα as main drivers of the adipogenic 

process and maintenance of the differentiated state [60, 61]. The expression of PPARγ 

and C/EBPα is connected in a self-regulatory loop, by which the expression of one 

factor stimulates the expression of the other [60]. Nevertheless, PPARγ is considered 

the master regulator of adipogenesis [61]. Precursor cells without PPARγ are unable to 

differentiate, whereas PPARγ is capable of promoting differentiation in C/EBPα-

deficient pre-adipocytes [80, 81].  
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PPARγ is a member of the PPARs, which belong to the nuclear hormone receptor 

superfamily. This family is composed by three members encoded by PPARα, PPARβ 

(a.k.a. PPARδ) and PPARγ. Furthermore, PPARγ has two isoforms, PPARγ1 and 

PPARγ2 generated by alternative splicing [82]. PPARγ2 is 30 amino acids longer at the 

amino-terminus and strictly expressed in AT, whereas PPARγ1 is ubiquitously 

expressed [60, 82]. Despite both isoforms are strongly induced during adipocyte 

differentiation and have shown their ability to induce adipogenesis, PPARγ2 is thought 

to play a more central role in this process [83]. PPARγ is considered the master 

regulator of adipogenesis since all the adipogenic transcription factors require its 

presence to promote adipogenesis [82]. It modulates the expression of several genes that 

play a central role in glucose, lipid and cholesterol metabolism, inflammation, 

proliferation and differentiation [82, 83]. PPARγ binds to the promoters and stimulates 

gene expression of fatty acid binding protein (FABP4), lipoprotein lipase (LPL), acyl-

CoA synthase, phosphoenolpyruvate carboxykinase (PEPCK or PCK1), fatty acid 

transport protein, perilipin (PLIN1), glucose transporter 4 (GLUT4), adiponectin and 

leptin [50, 60, 82]. 

 

 
FIGURE 1.5 The adipogenic process. ASCs are committed to pre-adipocytes, which can replicate and 

differentiate to adipocytes through early and late differentiation steps. Hedgehog [Hh], Wnt 
and BMP4 promote the determination step, and C/EBPβ and C/EBPδ endorse the 
differentiation step, followed by C/EBPα, PPARγ and sterol regulatory element-binding 
protein [SREBP]. At the end of the late differentiation, the adipocyte expresses adipocyte 
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genes and is able to perform all the functions of mature adipocytes and to synthesise TAG from 
fatty acids [FAs] and glucose. Picture adapted from Rodríguez et al. [50]. 

C/EBPα is important in the terminal differentiation of adipocytes and required for 

insulin sensitivity [84]. C/EBPα induces the activation of a number of adipocyte-

specific genes, which codify proteins that establish the adipocyte phenotype. The genes 

that contain C/EBP-binding sites in their promoter region include: PPARγ, stearoyl CoA 

desaturase-1 (SCD1), PCK1, FABP4, GLUT4 [50, 60]. 

The sterol regulatory element-binding protein (SREBP or SREBF) belongs to the basic 

helix-loop-helix leucine family of transcription factors and is associated with adipocyte 

differentiation, fatty acid metabolism and cholesterol homeostasis [60]. There are two 

paralogs and SREBP-1 is considered the third key transcriptional factor for the terminal 

differentiation of adipocytes [50, 85]. SREBPs are initially produced as large (~125 

kDa) precursors that reside in the endoplasmic reticulum (ER) and need to be bound by 

an escort protein to move to the Golgi and be processed, a step regulated by sterol 

abundance in the ER membrane. In the absence of low abundance of sterols, the 

complex reaches the Golgi, where two proteases cleave SREBP into their active N-

terminal fragment [86]. During adipocyte differentiation, SREBP-1 is activated and 

translocated into the nucleus, where it recognises sterol response elements (SRE) and 

induces the expressions of lipogenic enzymes. The lipogenic genes targeted by SREBP-

1 include: acetyl-CoA carboxylase (ACC or ACACA), fatty acid synthase (FAS), LPL 

and SCD1, as well as an unknown activator of PPARγ [50, 60]. 

 

1.3.3. In vitro INDUCTION OF ADIPOGENESIS 

Most of our understanding about adipogenesis derives from in vitro studies in murine 

primary pre-adipocytes and cell lines [76, 87]. The availability of these in vitro models 

has allowed us to investigate the adipogenic process and its regulation. The induction 

and the course of adipocyte differentiation have been widely studied by using murine 

3T3-L1 and 3T3-F422A cells. Both cell lines were originated by clonal expansion of 

Swiss 3T3 mouse embryo cells, present a high adipogenic potential, and maintain their 

differentiation efficiency for many passages [88, 89]. Of those, the 3T3-L1 cell line is 

the most robust cell culture used in biological research on adipogenesis [88].  

Over the years, a detailed procedure to efficiently promote 3T3-L1 cell adipogenesis has 

been developed. Confluent 3T3-L1 pre-adipocytes can be differentiated synchronously 
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upon induction for 48h with a defined adipogenic cocktail. Maximal differentiation is 

achieved with a combination of insulin, glucocorticoids, a PPARγ agonist, an inductor 

of intracellular adenosine 3',5'-cyclic monophosphate (cAMP) levels, and foetal bovine 

serum (FBS) [60, 82]. Traditionally, dexamethasone, a synthetic glucocorticoid agonist, 

is used to stimulate the glucocorticoid receptor; rosiglitazone is the preferred PPARγ 

agonist; and isobutyl methylxanthine (IBMX), the inductor of intracellular cAMP levels 

[75]. Dexamethasone and IBMX have been recognised as direct inducers of the genes 

involved in the expression of the first adipogenic transcription factors, C/EBPδ and 

C/EBPβ, respectively. In addition, rosiglitazone activates the PPARγ signalling 

pathway, and insulin acts by stimulating glucose uptake for subsequent de novo 

synthesis of fatty acids, which will be esterified into and stored as TAGs [60, 88]. After 

the 48h-treatment, only insulin is required to continue the differentiation. The effects of 

these hormones are strictly time dependent and the addition of dexamethasone at later 

stages of maturation displays antiadipogenic effects [75].  

The adipogenic process has also been studied in human pre-adipocytes. Nevertheless, 

the study of the human AT has been limited by the availability of samples, and 

transformed or tumoral cell lines [87]. Two immortalised cell strains were created from 

primary adipocytes: Chub-7 and PAZ6 cell strains. The former is a transformed human 

cell line derived from SAT from an obese female [90], and has been characterised and 

validated as a good model of human adipocyte biology [90-92]. On the other hand, 

PAZ6 are immortalised brown pre-adipocytes derived from child BAT [93], and have 

been used as a model for both white and brown adipocytes [93-95]. 

The biopsies of spontaneous tumours constitute another source of immortalised 

precursor cells capable of differentiating. LiSa-2 cells [96] and LS-14 cells [97] were 

obtained from patients with liposarcoma, whereas AML-I cells [98] were derived from 

peripheral blood mononuclear cells from a patient with acute myeloid leukaemia. 

Among them, LiSa-2 has been the most commonly used model. It is a stable cell line 

generated from a metastasis of a poorly differentiated liposarcoma [96], and, once 

differentiated, they exhibit several phenotypic, biochemical and functional 

characteristics of mature human fat cells [99]. 

In 2001, Wabitsch et al. introduced the human Simpson-Golabi-Behmel syndrome 

(SGBS) pre-adipocyte cell strain [100]. SGBS pre-adipocytes proliferate in vitro for up 

to 50 generations and retain the capacity to differentiate to adipocytes. These cells were 
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extracted from SAT of an infant with this syndrome, which is characterised by a 

complex congenital overgrowth that causes macroglossia, macrosomia, and renal and 

skeletal abnormalities, and increases the risk of embryonal cancers [101]. The majority 

of these patients show mutations within a heparin sulphate proteoglycan, the glypican-3, 

although the mutation in SGBS cells is unknown [101]. Differentiated SGBS cells 

develop a similar gene expression pattern, morphology and biochemical functions to 

both in vitro differentiated adipocytes from healthy subjects and primary adipocytes 

[87, 102]. This makes the SGBS cells a relevant in vitro model for studying adipocyte 

biology in humans [87, 102]. A protocol for SGBS pre-adipocytes, allows obtaining 

over 90 per cent differentiated adipocytes [87]. This protocol uses a cocktail similar, but 

slightly more complex, to that for murine adipocytes and includes dexamethasone, 

rosiglitazone, IBMX, insulin, transferrin, triiodotyronin and cortisol. On the other hand, 

foetal bovine serum is excluded from the cocktail since it has been reported to be an 

inhibitor of human adipogenesis, probably due to the absence of the need of MCE 

[103].  
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1.4. ADIPOCYTE METABOLISM 

Adipocytes represent the primary cell type of AT and play a key role in maintaining 

energy and nutrient homeostasis [22]. They respond to whole-body energetic demands, 

activating changes in their metabolism and nutrient handling. The efficiency of this 

response has profound systemic implications and its dysfunction is the basis for the 

development of many of the metabolic-associated disorders, including obesity, 

dyslipidaemia, hyperglycaemia, hyperinsulinaemia, insulin resistance, type 2 diabetes, 

cardiovascular diseases and cancer [104-106]. The central role of adipocytes in lipid and 

glucose metabolism is discussed below. 

 

1.4.1. LIPID HOMEOSTASIS 

Adipocytes maintain the energy balance through the regulation of (1) food intake and 

energy expenditure, (2) endocrine and non-endocrine mechanisms and (3) their own 

metabolism [106]. During situations of energy demand such as fasting, TAGs are 

hydrolysed into fatty acids, which are subsequently oxidised or released to circulation 

for their delivery into other tissues. On the other hand, during periods of energy 

availability adipocytes activate fatty acid uptake, esterification and storage in the form 

of TAG. TAGs are stored within cytosolic LDs to avoid the common lipotoxicity 

experienced by other cells under these conditions [107]. Thus, adipocytes have the 

ability to act as a fatty acid-buffering system, by balancing TAG storage and 

degradation in response to nutrient demands [108].  

TAG storage and removal rates determine the adipocyte lipid turnover. The study of the 

lipid turnover in human adipocytes reveals that TAGs are replaced six times [105] 

during the average ten-year life of healthy human adipocytes [54, 105]. Adipocyte TAG 

turnover remains steady during adulthood [54, 105], but, on the contrary, the 

deregulation of the adipocyte dynamic and lipid turnover has been strongly related to 

conditions with disturbed lipid metabolism [105, 109]. The lipid removal rate has been 

negatively correlated with insulin resistance and obesity [105]. On the other hand, the 

storage rate is increased in obese patients [105]. Finally, both lipid removal and storage 

rates are decreased in non-obese patients diagnosed with familial combined 

hyperlipidaemia [105]. Therefore, whole body fat mass and lipid homeostasis are 

regulated through two major pathways: lipogenesis and lipolysis. These pathways are 
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tightly regulated and their dysfunction may have serious metabolic consequences [104, 

105, 109].  

 

1.4.2. LIPOGENESIS 

There are three pathways of TAG synthesis, which begin with the acylation of (1) 

glycerol-3-phosphate (G3P) in mitochondria or the ER (Fig. 1.6), (2) dihydroxyacetone 

phosphate (DHAP) in peroxisomes, or (3) monoacylglycerol (MAG) in the ER. The 

G3P pathway is the major pathway for TAG synthesis in most mammalian cells, 

including adipocytes [110]. WAT displays the machinery to perform this biosynthesis 

pathway and assemble three fatty acids to a molecule of glycerol. These initial 

molecules can come from different sources.  

 

1.4.2.1. FATTY ACID SOURCES: FATTY ACID UPTAKE AND de 
novo LIPOGENESIS 

Fatty acids can be obtained through uptake from external sources or by local synthesis 

from acetyl coenzyme-A (CoA). Most fatty acids stored in AT are obtained from dietary 

fat. The external fatty acids can be taken up from the circulation, where they are bound 

to albumin. They can also be hydrolysed by LPL, an enzyme located in the endothelium 

of the AT capillaries, from TAGs carried by chylomicrons, very-low-density 

lipoproteins (VLDLs) and low-density lipoproteins (LDLs) [111]. The transporters 

located on the adipocyte membrane, the fatty acid translocase/CD36 (FAT/CD36 or 

CD36), caveolin-1, fatty acyl CoA synthetases (several fatty acid transport proteins, 

FATP, and acyl-CoA synthetase long-chain family, ACSL) and plasma membrane 

FABP4 facilitate the entrance of fatty acids [112]. Once inside the adipocytes, fatty 

acids bind to a specific transporter protein, FABP4, which carries fatty acids into the 

site of action of the acyl-CoA synthase. Fatty acids are then esterified to form acyl-

CoAs that again bind to specific transporters and are translocated into the ER for 

glycerol acylation and TAG synthesis [113]. 

LPL activity is tightly regulated due to its critical role in plasma TAG clearance and 

fatty acid uptake [114]. In the AT, LPL is regulated at both transcriptional and post-

transcriptional levels. Overall, during the postprandial state, insulin stimulates LPL 

expression and LPL activity by reducing angiopoietin-like protein 4 (ANGPTL4) 
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circulating levels [114]. Besides, LPL transcription is upregulated during adipogenesis 

by PPARγ and its agonist, SREBP-1, and fatty acids [115-117]. On the other hand, 

fasting reduces the expression of these transcription factors [118, 119], and LPL activity 

is markedly lower in the fasted state compared with the fed state [120], probably due to 

increased ANGPTL4 because of lower insulin-inhibition and increased non-esterified 

fatty acid (NEFA) plasma levels [121, 122]. 

 

 
FIGURE 1.6 The TAG biosynthesis pathway. TAG synthesis uses both exogenous fatty acid [FA] 

uptake or de novo lipogenesis [DNL]. Fatty acids are transformed into acyl-CoA by ACSL and 
channelled to the ER where the enzymes of the glycerolipid pathway synthesise phospholipids 
and TAG. 

Another source of fatty acids is de novo lipogenesis (DNL), the synthesis of fatty acids 

from non-lipid substrates, primarily carbohydrates. In humans, DNL occurs in the liver 

and AT [111]. Although it is more active in liver, WAT may account for up to 40 per 

cent of whole-body DNL from glucose in certain circumstances [123]. In this synthetic 

pathway, acetyl-CoA is converted by ACC into malonyl-CoA, which is subsequently 
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converted by a multi-step reaction into palmitate. Besides, malonyl-CoA exerts an 

additional function in lipid metabolism, as an inhibitor of the mitochondrial oxidation of 

fatty acids by binding to and blocking carnitine palmitoyltransferase (CPT) [124]. 

Activation of FAS allows malonyl-CoA and acetyl-CoA to assemble and to elongate the 

fatty acid chain until the formation of palmitic acid (16:0), the first fatty acid that is 

endogenously synthesised. Then, palmitic acid is further elongated by an elongase 

(ElOVL6) to form stearic acid (18:0). Both fatty acids are subsequent desaturated by 

SCD1 to form the most abundant fatty acids in human cells, palmitoleic acid (16:1) and 

oleic acid (18:1). Then, palmitoleic acid and oleic acid are esterified into TAGs, 

cholesteryl esters and membrane phospholipids [113, 125]. 

DNL is a highly regulated metabolic pathway and its deregulation has important 

implications in metabolism [125]. In AT, DNL positively correlates with insulin 

sensitivity, whereas it is reduced in obesity [126-129]. DNL is induced by insulin, and 

further enhanced by glucocorticoids [127, 129, 130]. The expression of the lipogenic 

genes (FAS, ACL, ACACA, SCD and ElOVL6) is controlled by the transcriptional 

regulators SREBP1c and carbohydrate response element-binding protein (ChREBP), 

which mediate adaptive metabolic responses to changing dietary exposures [125, 131]. 

Besides, it has been reported that the mammalian target of rapamycin complex 

(mTORC) 2 functions in WAT by promoting the expression of ChREBP and DNL 

[132]. 

 

1.4.2.2. GLYCOLYSIS, GLYCERONEOGENESIS AND 
GLYCEROL-3-P SYNTHESIS 

The synthesis of TAG also requires a constant supply of G3P, which is obtained from 

three pathways: glycolysis, glyceroneogenesis and phosphorylation of glycerol by the 

glycerol kinase (GK) activity [111, 113].  

In AT, G3P is mainly derived from DHAP and glyceroneogenesis may be the principal 

source of G3P even in the presence of increased glucose uptake [133, 134]. Glucose 

provides, via the glycolytic pathway, glyceraldehyde-3-phosphate and DHAP. 

Nevertheless, the main precursors are pyruvate, lactate and amino acids. Pyruvate is 

carboxylated to oxaloacetate, which then is decarboxylated by cytoplasmic PEPCK to 

form phosphoenolpyruvate (PEP). In turn, PEP is converted to glyceraldehyde-3-

phosphate, which is reduced to DHAP by glyceraldehyde-3-phosphate dehydrogenase 
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and then to G3P by glycerol phosphate dehydrogenase (GPDH). PEPCK is the rate-

limiting enzyme of the glyceroneogenic pathway. 

In hepatocytes, lipolysis-released glycerol in the AT can be directly phosphorylated by 

GK for TAG synthesis [111]. However, the contribution of this pathway in adipocytes is 

controversial since they normally have very little GK. Therefore it is accepted that 

under normal conditions, glycerol released from TAG is not recycled intracellularly 

[133, 135].  

 

1.4.2.3. TAG SYNTHESIS 

TAG biosynthesis occurs mainly in the microsomes and all enzymes involved in the 

pathway are localised there. In adipocytes, the biosynthesis of TAG begins with the 

sequential acylation of alcoholic residues of G3P by long-chain acyl-CoA thioesters by 

various enzymes (Fig. 1.6). The initial step is catalysed by sn-1-glycerol-3-phosphate 

acyltransferase (GPAT) to form lysophosphatidic acid (LPA). A second acylation at the 

sn-2 position of LPA by 1-acylglycerol-3-phosphate acyltransferase (AGPAT or LPA 

acyltransferase, LPAAT) produces phosphatidate (a.k.a. phosphatidic acid). 

Phosphatidate is hydrolysed by type 1 phosphatidate phosphatases (PAP), a.k.a. the 

lipin family, to form diacylglycerol (DAG). The final esterification step by 

diacylglycerol acyltransferase (DGAT) produces TAG. The resulting TAG is stored in 

LDs in adipocytes [110, 136]. 

 

1.4.2.4. TAG SYNTHESIS ENZYMES 

All enzymes involved in TAG synthesis have several known isoforms encoded by 

different genes revealing the importance of this pathway. The different isoforms have 

distinct tissue-dependent expression patterns, and tissues with a major function in 

synthesising TAG, such as AT, express each of these isoforms. Studies of deleterious 

mutations of each isoform showed that the isoforms are non-redundant and exhibit 

distinct substrate specificities [136, 137].  

The first step of the pathway, catalysed by GPATs (EC 2.3.1.15), is considered to be 

rate limiting. Four mammalian GPAT isoforms have been identified (GPATs1-4). 

While GPAT1 and 2 are mitochondrial enzymes, GPAT3 and 4 are localised in the ER 

and, due to their similarity with AGPATs 1 and 2, they were initially designated as 
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AGPAT8/AGPAT9 and AGPAT6, respectively [136, 138]. GPAT1 negatively 

modulates FAO, GPAT2 function is still unknown and GPAT3 and 4 participate in 

TAG synthesis [136, 139]. Besides, a role for GPAT3, but not GPAT4, in adipocyte 

differentiation has been described [139].  

The second step is catalysed by AGPAT enzymes (EC 2.3.1.51). Ten AGPATs isoforms 

have been described based on the amino acid sequence similarity (AGPATs 1-10) but 

only the first two, AGPAT1 and AGPAT2, are well established and their enzyme 

activity has been validated. AGPAT2 may have the most robust activity and is the only 

isoform that has been related with a human disease, the congenital generalised 

lipodystrophy [110, 136]. 

AGPAT-synthesised phosphatidate is dephosphorylated to provide DAG by the lipin 

family (EC 3.1.3.4). This family is composed by three main isoforms, lipin-1, -2 and -3 

that will be further described below.  

DGATs (EC 2.3.1.20) catalyse the final step in mammalian TAG synthesis. In 

mammals, there are two isoforms of DGAT enzymes, DGAT1 and DGAT2. Although 

both DGAT1 and DGAT2 enzymes catalyse the same reactions in TAG synthesis and 

use DAGs or MAG and acyl-CoA as substrates, they are functionally distinguished by 

their differences in catalytic properties, subcellular localization, physiological regulation 

and phenotypic consequences when rendered deficient in mice [140]. It has been 

suggested that DGAT2 is responsible for incorporating endogenously synthesised 

monounsaturated fatty acid into TAG, while DGAT1 may be involved in esterifying 

exogenous fatty acids taken up by cells or in a recycling pathway that involves the re-

esterification of hydrolysed TAGs [141]. 

 

1.4.2.5. REGULATION OF LIPOGENESIS  

Lipogenesis is highly influenced by nutritional factors such as feeding, fasting and diet 

composition. A high-fat diet reduces DNL in AT. Furthermore, rich-carbohydrate 

consumption stimulates lipogenesis, while both a low carbohydrate diet and fasting 

reduce it. Blood glucose levels act directly on the lipogenic capability via three distinct 

mechanisms: (1) as a substrate to produce acetyl-CoA, (2) inducing lipogenic enzymes 

involved in fatty acid synthesis and (3) stimulating insulin secretion [113, 142].  
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Besides, some hormones such as insulin, GH and leptin influence the lipogenesis 

pathway. Insulin is one of the most important hormonal factors that affect lipogenesis. 

In adipocytes, insulin increases glucose uptake, activates lipogenic and glycolytic 

enzymes via covalent modification, and has effects on lipogenic gene expression, most 

likely via the transcription factor SREBP-1c. On the contrary, GH dramatically reduces 

lipogenesis in AT and its effect is mediated by both a decrease in insulin sensitivity and 

a reduction in the number of insulin receptors. Last, leptin induces FAO and inhibits 

fatty acid synthesis. It also inhibits the genes involved in fatty acid and TAG synthesis 

probably by the inhibition of the transcription factor SREBP-1 [113, 143]. 

 

1.4.3. ROLE OF LIPID DROPLETS IN LIPID METABOLISM 

LDs are found in most cells, where these organelles buffer and store excess lipids in an 

inert form to survive to fluctuations of energy availability and to avoid the lipotoxic 

reactions that trigger cellular apoptosis [144]. However, adipocytes, as specialised cells 

in fat storage, have the unique capacity to accumulate large amounts of energy-rich 

TAG in specialised LDs. The neutral lipid compartmentalization into LDs plays a 

critical role in lipid homeostasis by regulating their physiological access [145].  

The LD structure is composed by a neutral lipid core, and delimited by a phospholipid 

monolayer and several coat proteins. The neutral lipids that reside in the core are mainly 

TAGs, but also DAGs, cholesteryl esters and fatty acids. The core is delimited by a 

phospholipid monolayer that preserves the LD integrity and ensures the physiological 

accessibility to neutral lipids (Fig. 1.7). The mammalian LD monolayer contains 50–60 

per cent phosphatidylcholine (PC), 20–30 per cent phosphatidylethanolamine (PE) and 

phosphatidylinositol (PI) [146, 147]. The phospholipid monolayer also harbours a set of 

enzymes and regulatory proteins that catalyse the highly metabolically controlled 

synthesis and mobilization of fat stores [107]. The LD-associated proteins depend on 

the cellular type and cellular status and are crucial for droplet structure, metabolism and 

function [148, 149]. In addition, changes in phospholipid composition seem to alter 

protein binding to the LDs [150]. 

The biosynthesis of LDs is not completely understood and several models have been 

proposed in the last years [144]. Nevertheless, the current belief is that LDs are formed 

at specific sites in the ER through the accumulation of neutral lipids, mostly between 
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the ER leaflets, and, at some point, the growing structure buds off the ER and 

germinates forming a new LD [150, 151]. 

 

 
FIGURE 1.7 Structure of adipocyte lipid droplets and relationship with other organelles. LDs are 

composed by a neutral lipid core (composed by TAGs, cholesteryl esters [CEs], DAGs and 
fatty acids [FAs]), and a phospholipid monolayer, which also contains cholesterol, sterols and 
associated proteins. LDs interact with several organelles, including ER and mitochondria. 

Previously considered as static organelles, LDs are dynamic and active players in 

maintaining systemic energy homeostasis, and are intimately related to many aspects of 

lipid metabolism [147, 152]. The LD diameter in white adipocytes varies from 100 nm 

to 100 µm accordingly to the cellular needs [144]. LDs can grow by fusion, the 

transference of neutral lipids from one donor to a receptor, or through the addition or 

newly synthesised neutral lipids to a pre-existing LD [145, 151]. On the contrary, strong 

lipolytic stimulation leads to dispersed and shrunk LDs due to TAG hydrolysis and fatty 

acid release [145, 151, 153, 154]. LD dispersion was first attributed to LD 

fragmentation, but further investigation showed that the released fatty acids from 

unilocular LDs, can be re-esterified and used for the formation of a large number of new 

micro LDs (mLDs) with less than 1 µm [145, 153]. The mLDs function as an innocuous 

reservoir of fatty acids, which prevents lipotoxicity, and represent an active pool of LDs 

where TAG turnover is increased [145, 153]. mLDs have and increased LD volume to 

surface ratio, which facilitates contact between the lipolytic enzymes and their 



Chapter 1: General introduction 

 31 

substrates and triggers increased rates of fatty acid lipolysis and re-esterification [145, 

153]. Furthermore, perilipin and hormone-sensitive lipase (HSL), two proteins that 

regulate lipolysis, primarily target to these mLDs instead of the large and central LDs 

[155]. It has been suggested that unilocular LDs may represent a regulated and slow 

physiological process during adipogenesis, while mLDs are in charge of quick 

metabolic responses to fatty acid overload, preventing lipotoxicity [145].  

Furthermore, LDs can interact with other organelles including ER, endosomes, 

mitochondria and peroxisomes (Fig. 1.7) [151, 156-158]. The unilocular LD occupies 

the majority of the adipocyte, placing the droplets borders within close proximity of the 

ER and mitochondria, where TAGs are esterified and hydrolysed, respectively [158, 

159].  

Besides lipid homeostasis, LDs have numerous additional roles including protein 

sequestration, membrane trafficking and signalling, and providing substrates for 

essential lipid-derived molecules such as lipoproteins, bile salts, and hormones [144, 

157, 160, 161]. According to their multiple functions, the dysfunction of LDs and its 

associated proteins has been involved in many metabolic pathologies such as 

dyslipidaemia, lipodystrophy, atherosclerosis, obesity, insulin resistance, and the 

metabolic syndrome, together with inflammation and neoplastic diseases [162, 163].  

 

1.4.4. LIPOLYSIS  

Lipolysis involves the hydrolysis of TAGs and promotes mobilization of fatty acids 

from AT providing metabolic fuel to peripheral tissues such as skeletal muscle and heart 

[108]. This catalytic pathway occurs mainly in AT and only adipocytes have the ability 

to secrete fatty acids into the circulation [108, 111]. Nevertheless, fatty acid release into 

the blood flow depends on the AT depot. SAT is the main contributor of TAG 

accumulation or fatty acid release, depending on the nutrient demands, since it is the 

most abundant AT. On the contrary, VAT exhibits weaker buffering capacity and its 

contribution to systemic fatty acid is minimal [28, 111].  

The increased levels of NEFAs in blood and the insulin attenuation mediated by 

lipolysis lead to the development of hyperlipidaemia, type 2 diabetes and its associated 

metabolic abnormalities [19]. In obesity, adipocyte hypertrophy and tumour necrosis 

factor-α (TNF-α) secreted by the AT macrophages are considered the most relevant 
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inductors of lipolysis and insulin resistance [19, 52, 164, 165]. TNF-α also mediates 

inhibition of fatty acid esterification, resulting in an increase of circulating levels [19]. 

The induction of lipolysis in VAT leads to an increase of fatty acid transport to the liver 

though the portal vein, which may reduce the sensitivity to insulin [28, 165]. 

 

1.4.4.1. THE LIPOLYTIC PATHWAY 

Lipolysis of TAG in the LDs results in the release of fatty acids and glycerol into 

circulation in the proportion of three fatty acids to one glycerol. TAG hydrolysis is 

catalysed by the sequential action of three lipases, with the concomitant release of one 

fatty acid in each step.  

In the first step, TAG is hydrolysed into DAG by adipose triacylglyceride lipase 

(ATGL), which is the only known mammalian lipase to hydrolyse TAG selectively at 

the sn2 position. This step is rate-limiting [108]. Subsequently, DAG is hydrolysed by 

HSL to the release of MAG and one fatty acid. Finally, MAG is hydrolysed by 

monoacylglycerol lipase (MGL) to glycerol and a fatty acid [108, 111].  

 

 

1.4.4.2. THE LIPOLYTIC ENZYMES 

There are two major lipases, ATGL and HSL, which are responsible for approximately 

95 per cent of TAG hydrolase activity in adipocytes [166]. In mice, the inhibition of 

ATGL and HSL reduces β-adrenergic receptor stimulated-lipolysis by 70 and 95 per 

cent, respectively [167]. Nevertheless, while ATGL silencing affects both basal and 

stimulated lipolysis, the activity of HSL only regulates induced lipolysis [108, 168]. 

ATGL (EC 3.1.1.3) is also known as PNPLA2 since it is a member of the patatin-like 

phospholipase family. The catalytic patatin domain is localised in the N-terminal half of 

the enzyme, while the C-terminal half may be involved in the regulation of the activity 

and the interaction of the enzyme with the LDs [108]. ATGL is highly expressed in both 

mice and human AT [169], and is localised in the cytosol and on the LDs surface [111]. 

Its lipolytic action is specific and its activity towards other lipid substrates is very 

limited [108].  
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The comparative gene identification-58 (CGI-58) induces ATGL activity and regulates 

its localization by interacting directly with the patatin domain and binding to LDs [108]. 

CGI-58 also has CoA-dependent LPA acyltransferase activity, and it is believed that 

promotes lipolysis by diverting released fatty acids into phospholipids, which reduces 

the levels of lipolysis final products and, therefore, the subsequent inhibition of lipolysis 

[108]. CGI-58 could also activate ATGL by altering the surface properties of LDs and 

making TAG substrates available for the lipase [150]. ATGL generates sn-1,3 DAG in 

the absence of CGI-58 or sn-2,3 and sn-1,3 DAGs in its presence [170]. 

Conversely, the protein product of G0/G1 switch gene 2 (G0S2) also binds to the patatin 

domain of ATGL but negatively regulates the intracellular localization of the lipase. Its 

inhibitory action seems to be dominant compared to CGI-58 activation [108]. 

In addition, hormones also control the expression of ATGL. During fasting, 

glucocorticoids upregulate both ATGL gene [171] and protein [172] expression, 

whereas insulin downregulates it in the fed state [173]. 

HSL (EC 3.1.1.79) hydrolyses DAG into MAG, but also other substrates such as TAG, 

MAG and cholesteryl esters, among others [111]. It exhibits a preference for the sn3 

position and generates sn-1 and sn-2 MAGs [170]. Besides its lipase domain, HSL also 

has a hydrophobic domain responsible for LD binding in its first 300 amino acids [150]. 

As with ATGL, this enzyme is primarily expressed in AT [108]. Furthermore, different 

tissue-specific isoforms with different sizes are generated from a single gene controlled 

by a number of alternative promoters [108].  

Activation of HSL requires its phosphorylation and translocation to the lipid monolayer 

[111]. In humans, HSL is phosphorylated by cAMP-dependent (PKA) or cGMP-

dependent (PKG) protein kinases in the serine residues Ser552, Ser649, and Ser650. 

The first phosphorylation site is believed to act promoting the translocation to the LDs, 

while the other sites activate its intrinsic activity [108]. On the contrary, AMPK 

phosphorylates human HSL in the Ser554 residue, impeding the phosphorylation of the 

adjacent residue Ser552 and inhibiting HSL activity [108, 174]. Furthermore, FABP4 is 

required to activate HSL. FABP4 is a lipid chaperon, highly expressed in adipocytes, 

that regulates lipid trafficking and lipolysis [175]. Lipolysis induction leads to the 

association of FABP4 and phosphorylated HSL in the cytosol and to the translocation of 

the complex to the cytosolic LDs, where FABP4 channels HSL-released fatty acids out 

of the cell [108, 176].  



Chapter1: General introduction  
 

 34 

MGL (EC 3.1.1.23) hydrolyses MAG into fatty acid and glycerol. This enzyme is a 

MAG specific lipase with no activity towards other lipids of the pathway (DAG or 

TAG) [108]. It can use MAGs provided by TAG extracellular or intracellular hydrolysis 

[111]. MGL is a cytosolic enzyme and does not need to bind LDs as the previous 

lipases. This may be due to the fact that MAG is more exposed to the phospholipid 

monolayer than DAG, which is TAG-soluble [150]. 

 

1.4.4.3. LIPID DROPLET ASSOCIATED PROTEINS 

The regulatory proteins localised in the external monolayer of phospholipids direct the 

mobilization of the LD fat. These proteins control the physiological access to the neutral 

lipid, and exert an important role in lipid homeostasis, LD size and hydrolysis [107, 

145, 148]. Perilipins and CIDE proteins constitute the two major families of LD-

associated proteins in adipocytes [108]. 

 

FIGURE 1.8 Signalling pathways in lipolysis. In the fed state, insulin blocks PKA activation and 
ATGL expression in basal adipocytes. During fasting, catecholamines induce PKA activation 
and glucocorticoids stimulate ATGL expression. Figure adapted from Martin [177]. 

The CIDE family is pro-apoptotic and composed by three members, CIDEA, CIDEB 

and CIDEC [108, 178]. They are also involved in energy metabolism, and both CIDEA 

and CIDEC have shown antilipolytic effects in mouse and humans, although the 

specific mechanism is still unknown. It seems that CIDE proteins protect from lipolysis 

by constituting a physical barrier around the lipid core [108]. Besides, CIDEA and 
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CIDEC play an important role in regulating LD size. CIDEA promotes LD formation, 

fusion and stabilization, and CIDEC cooperates with perilipin-1 to promote LD growth 

and fusion [179-181]. 

The perilipin family encompasses five members (PLIN1-5), which are evolutionary, 

structurally and functionally related [108]. PLIN1 is known as perilipin; PLIN2, as 

adipophilin and adipose differentiation-related protein (ADRP); and PLIN3, as tail-

interacting protein, 47 kDa (TIP47). They were previously named as the 

perilipin/ADRP/TIP47 (PAT) family, which also included the S3-12 proteins (PLIN4) 

and the myocyte LD protein (PLIN5, aka PAT1) [182]. These LD-associated proteins 

are in charge of neutral lipid compartmentalization and have different functions in 

energy balance pathways. While PLIN1 is involved in lipolysis regulation in AT, 

PLIN5 regulates lipolysis in non-adipose tissues, where PLIN1 is not expressed. The 

other members are involved in LD biogenesis: PLIN2 participates in adipogenesis and 

LD formation, PLIN3 contributes to LD biosynthesis and stabilization, and PLIN4 is 

involved in LD maturation [108, 182].  

PLIN1 gene gives rise to at least three isoforms, PLIN1A, B and C [182]. Perilipin-1A 

is the major isoform constitutive of LDs in adipocytes, and considered the master 

regulator of PKA-stimulated lipolysis in mice [107, 108]. Murine and human PLIN1 

exhibit six and five PKA-phosphorylation sites, respectively [183]. Under basal 

conditions, PLIN1 functions as a protective barrier by restricting the access of TAG 

lipases to neutral lipids [184]. The activation of PLIN1 upon lipolytic stimulation in 

adipocytes changes the distribution and architecture of LDs and stimulates lipase 

activity. First, PLIN bounds to CGI-58 in basal conditions but lipolysis-induced 

phosphorylation of PLIN releases the ATGL co-activator, now able to bind the lipase 

[150, 185]. Second, phosphorylation of PLIN1 is critical for HSL enzymatic activity 

and targets HSL translocation to the LDs [108, 186]. 

 

1.4.4.4. LIPOLYSIS REGULATION 

Lipolysis is strictly controlled in adipocytes by several lipolytic and antilipolytic 

stimuli. After feeding, the postprandial increase of insulin promotes lipid storage and 

inhibits lipolysis. Instead, increased levels of catecholamines (epinephrine and 

norepinephrine) and reduced levels of insulin promote fatty acid mobilization from 

TAGs during fasting (Fig. 1.8). In addition, the cardiac hormones natriuretic peptide A 
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(ANP) and B (BNP), and GH have a role in lipolysis stimulation in humans. Moreover, 

physical exercise stimulates lipolysis by increasing epinephrine and norepinephrine, 

ANP, GH, and cortisol, together with a decrease in insulin levels [108, 113]. Finally, 

other hormones and cytokine signalling pathways such as TNF-α, prostaglandin E2 

(PGE2), and nicotinic acid also regulate lipolysis [108, 135].  

These regulators influence the phosphorylation state of PLIN1 and HSL, which is 

mainly regulated by cAMP levels that induce PKA [150]. Catecholamines, insulin, GH, 

glucocorticoids and TNF-α signal pathways mediate their effect by controlling PKA 

activity. On the other hand, cGMP levels and PKG are in charge of natriuretic peptides 

signalling [108, 135]. In humans, the major hormonal regulators of lipolysis are 

catecholamines and insulin [184]. These hormones regulate cAMP levels and PKA 

activation through different signalling pathways.  

In humans, the lipolytic stimulation is mediated by the binding of catecholamines to β1 

and β2 adrenergic receptors that are associated with a G-protein [187]. The binding of 

catecholamines to the ß-adrenergic receptors induces G-protein interaction with the 

adenylyl cyclase (AC). This interaction activates AC that then converts ATP to cAMP, 

resulting in an increase of the intracellular cAMP levels and the subsequent activation 

of the PKA [188]. However, in adipocytes, catecholamines can also negatively regulate 

lipolysis via binding to the α-adrenergic receptors, which are coupled to G-proteins with 

an inhibitory subunit that inactivate AC. During fasting and exercise, β-adrenergic 

responsiveness is favoured [189, 190], while α-adrenergic signalling predominates 

during feeding and rest [191]. These changes in adrenergic sensitivity appear to be 

mediated, at least partially, by GH and cortisol [192, 193]. 

Conversely, insulin constitutes the major antilipolytic pathway in human lipolysis [194]. 

During the fed state, insulin signalling through the insulin receptor (IR) in adipocytes 

leads to the activation of Akt, also known as protein kinase B (PKB) [108, 195]. Akt 

activates phosphodiesterase 3B (PDE3B), which degrades cAMP to 5´-AMP [196]. In 

adipocytes, activation of PDE3B is thought to be a major mechanism whereby insulin 

increases degradation of cAMP, abolishes the activation of PKA and antagonises 

catecholamine-induced lipolysis [196]. However, a recent report has suggested that Akt 

may be not required for insulin to suppress lipolysis by PDE3B action [197]. Insulin 

sensitivity during fasting and exercise is also reduced by the GH action [198]. 
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1.4.4.5. RELEASE OF GLYCEROL AND FATTY ACIDS 

Upon lipolytic stimulation of AT, fatty acids and glycerol are released for systemic 

utilization. During periods of fasting, fatty acids turn into the predominant substrate for 

energy production in the liver, cardiac muscle, and skeletal muscle. Fatty acids are 

transported in the circulation primarily bound to albumin and oxidised in those tissues 

[199]. On the other hand, the majority of the glycerol produced by adipocytes is 

released to the blood and metabolised in liver and kidney [159].  

Nevertheless, adipocytes can also re-use these metabolic products. Fatty acids can be 

either re-esterified with glycerol 3-phosphate, or be metabolised through β-oxidation in 

mitochondria. Several studies in humans showed that only a small amount of lipolysis- 

released fatty acids are oxidised in adipocytes, whereas the majority of them are 

recycled [200]. In this section, we will focus our attention in the fatty acids re-employed 

by adipocytes after lipolysis.  

1.4.4.5.1. Fatty	acid	activation	
Previously to their targeting to the mitochondria to undergo oxidation, or to the LDs for 

re-esterification, fatty acids need an activation step. As mentioned above (1.4.2.1), fatty 

acid activation relies on the formation of acyl-CoA intermediates. These lipid 

intermediates can then be used for complex lipid synthesis, lipid remodelling, signal 

transduction, transcription factors activation, protein modification, and β-oxidation 

[201]. On the basis of the functions exposed, formation of acyl-CoA is tightly controlled 

[202].  

Acyl-CoA synthetases or ACSs (EC 6.2.1.3) catalyse this ATP-dependent reaction. 

Humans express at least 26 ACSs, including several that are also involved in fatty acid 

uptake [203, 204]. ACSs are classified by their substrate specificities for fatty acids of 

varying chain length. Among the different subtypes, the ACSLs plays an important role 

in adipocyte metabolism since activates the most common fatty acids in human diet, 

which have 14 to 22 carbons [205]. In humans, there are five long-chain acyl-CoA 

synthetases (ACSL1 and ACSL3-ACSL6, whereas there is no ACSL2 in humans and 

rodents), and FATP [204]. ACSL isoenzymes are intrinsic membrane proteins whose 

active sites face the cytosol to produce acyl-CoA.  

Tissue expression and subcellular localization of ACSLs direct acyl-CoA to different 

metabolic fates by encountering different downstream metabolic enzymes [201, 206]. 
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ACSL-1, 3, 4 and 5 have been detected in WAT, although ACSL1 is the predominant 

isoform and contributes to 80 per cent of total ACSL activity [201]. ACSL1 is localised 

in the plasma membrane, in GLUT4 vesicles, LDs and in the outer mitochondrial 

membrane [203]. It is induced in mouse adipogenesis and is essential for TAG synthesis 

[201]. ACSL1 transports fatty acids into the adipocyte, and targets them to either re-

esterification or β-oxidation [201, 207]. ACSL5 expression is high in replicating 3T3-

L1 [208], and ACSL3 and ACSL4 are localised to LDs in lipolysis-induced 3T3-L1 

adipocytes [209]. Nevertheless, the association of ACSL1 and -4 with LDs have been a 

topic of discussion [160].  

ACSL3 is early recruited to LD assembly sites in ER microdomains, where it is required 

for efficient LD nucleation [210, 211]. Moreover, ACSL3 has been reported to interact 

with several LD-associated proteins, including crucial adaptor proteins that determine 

LD size and number [160]. However, ACSL3 expression is reduced during 3T3-L1 

adipogenesis [212] and it has been localised in mouse adipocytes only after a lipolytic 

stimulation [209]. 

1.4.4.5.2. ß-oxidation	
Two main functions of ß-oxidation of fatty acids, or FAO, are (1) to produce ATP and 

(2) to remove fatty acids. However, FAO is not a major pathway in adipocytes [200]. In 

rat adipocytes, only 0.26 per cent and 0.17 per cent of released fatty acids are oxidised 

in fasted and fed states, respectively [213]. WAT features low mitochondrial density 

and minimally contributes to whole energy expenditure [214]. Nevertheless, during 

white adipogenesis, mitochondrial content and FAO capacity increases, as indicated by 

increased expression of PGC1β, which controls mitochondrial gene expression [215, 

216].  

As mentioned above, fasting and double the FAO rate in white adipocytes [213]. The 

activation of the TAG/fatty acid cycle (described in 1.4.4.5.3) by fasting may stimulate 

FAO to cover the energy cost of fatty acid recycling [217]. On the other hand, it has 

been suggested that β-adrenergic stimulation may induce WAT browning and, 

consequently, fatty acid oxidation and alter the energy balance [37]. Increased cAMP 

levels stimulate both lipolysis and PGC1A and UCP1 expression [218]. Besides, 

cytosolic accumulation of fatty acids during lipolysis may induce mitochondrial 

uncoupling and upregulate the removal of larger quantities of fatty acid by mitochondria 

[135, 219], The induction of PGC1α switches on the genes involved in FAO, the 



Chapter 1: General introduction 

 39 

mitochondrial respiratory chain and GK expression and activity, which is normally low 

in AT [220, 221]. All these metabolic changes may favour the use of fatty acids within 

the adipocyte and limit their release into the bloodstream [135, 219]. On the contrary, 

mitochondrial dysfunction makes the organism more prone to develop obesity-

associated comorbidities [219], and during high fat diet-induced obesity, β-oxidation is 

responsible for the metabolic stress and inflammation produced in WAT [214]. 

The oxidation of fatty acids to acetyl-CoA for subsequent generation of energy (ATP 

and NADH) occurs primarily in the mitochondrial matrix. Cytosolic fatty acids are 

activated by ACSs localised in the outer mitochondrial membrane and are transported 

into the mitochondrial matrix by two carnitine acyltransferases [222]. CPT1 generates 

acylcarnitines that are transported by the carnitine acylcarnitine translocase (CACT). In 

the inner mitochondrial membrane, CPT2 releases acyl-CoA into the matrix, which 

undergoes ß-oxidation and generates acetyl-CoA, ATP, and NADPH [214, 222]. 

Mammals express three different isoforms of CPT1 (CPT1A, B and C) [223]. Both 

CPT1A and B are expressed in adipocytes, where CPT1A has shown to have a role in 

attenuation of insulin resistance and fatty acid-induced inflammation [224]. FAO is 

connected to and regulated by fatty acid synthesis. CPT1, the rate-limiting step enzyme, 

is inhibited by malonyl-CoA, a substrate of DNL [214].  

1.4.4.5.3. Fatty	acid	re-esterification	
When adipocytes undergo lipolysis, a part of the released fatty acids is re-esterified back 

into TAG. This link between two opposite pathways is named futile cycle or TAG/fatty 

acid cycle (Fig. 1.9) [32]. Re-esterification of fatty acids is estimated from the ratio of 

released glycerol to fatty acid [168, 225]. In rat adipocytes, fatty acid re-esterification 

consumes 35.5 per cent and 49.7 per cent of released fatty acids in fasted and fed states, 

respectively [213]. In humans, the recycling has been estimated as high as 40 per cent 

[299]. Thus, in adipocytes, due to their small FAO capacity [213], the efflux of fatty 

acids is almost completely determined by the balance between lipolysis and re-

esterification [168, 214]. 

Besides their involvement in plasma NEFA levels and whole body homeostasis, the 

TAG/fatty acid cycle has a role in the regulation of adipocyte metabolism and health. 

High levels of intracellular fatty acids, following lipolysis, may imply a challenge since 

fatty acids are toxic for living cells. The deposition of the released fatty acids into TAG 

provides a mechanism to protect cells against fatty acid-mediated lipotoxicity [145]. 
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Thus, the TAG/fatty acid cycle symbolises the adipocyte metabolic flexibility, the 

capacity to buffer plasma NEFA levels, and the ability to rapidly adjust the pathway to 

the metabolic demands [217]. The regulation of this futile cycle appears to be at least 

partially regulated by a CD36-mediated mechanism. CD36 allows the reuptake of fatty 

acids released outside the cell during lipolysis [226]. CD36 protein expression is 

upregulated by obesity and type 2 diabetes in SAT, but only by type 2 diabetes in VAT, 

which is in accordance with the greater buffering potential of SAT [227].  

 

 

FIGURE 1.9 The TAG/fatty acid cycle. Fatty acids [FA] released by the lipolytic pathway are mainly 
released outside the cell or re-esterified into TAGs. G3P, needed for re-esterification, is 
obtained from glyceroneogenesis or by GK, since glucose availability is scarce under these 
conditions. The newly synthesised TAGs are stored in small LDs that ensure a rapid response 
to the metabolic demands. Figure adapted from Hashimoto et al. [153]. 

Moreover, the futile cycle is required to provide lipid mediators (such as fatty acids, 

phosphatidate and DAG) that act as ligands of nuclear receptors. Moreover, the ability 

of fatty acids to act as signalling molecules and induce the mitochondrial oxidative 

capacity may require their activation by the passage through the TAG/fatty acid cycle 

[32].  

The energy consumed by this cycle is estimated to be eight ATP molecules per release 

and re-esterification of three fatty acids [217, 228]. The energy required may be covered 

via (1) glucose oxidation in the fed state, (2) energy equivalents produced during DNL, 



Chapter 1: General introduction 

 41 

or (3) mitochondrial β-oxidation during fasting and lipolysis [217]. The increase in the 

mitochondrial capacity linked to the induction of the TAG/fatty acid cycle is essential 

for the metabolic balance and to maintain healthy adipocytes [217]. In fact, the activity 

of the TAG/fatty acid cycle also plays a crucial role in the transformation of WAT into 

BAT [32, 229].  

One limitation of this futile cycle is that it requires constant glycerol-3-phosphate. As 

mentioned before, G3P can be obtained through glyceroneogenesis, but also glycolysis 

and the G3P phosphorylation pathway [134]. Glyceroneogenesis implies the generation 

of G3P from non-carbohydrate precursors, using branched chain amino acids or TCA 

cycle intermediates [133]. A regulatory step of this pathway is the conversion of 

oxaloacetate to phosphoenolpyruvate catalysed by PEPCK-C (EC 4.1.1.32). PEPCK 

expression is hormonally regulated and β-adrenergic inductors promote its expression 

and activity, whereas insulin and glucocorticoids are inhibitors [230]. 

Alternatively, the production of DAG and MAG due to a partial hydrolysis may serve as 

fatty acid acceptors. This secondary pathway can help to achieve TAG biosynthesis 

through MGAT and DGAT activities, supporting fatty acid recycling [133]. In human 

ASCs, it has been suggested that the re-esterification of DAG is more important than 

MAG re-esterification [168].  

With regard to glycerol, a small part may be re-phosphorylated into G3P by the 

activation of GK. Despite the fact that this enzyme is present at very low levels in AT, 

its expression is increased in human adipocytes after the induction of PGC1α and 

subsequent induction of PPARα, which regulates GK expression [220]. The induction 

of this transcriptional factor seems to be important to adjust the adipocyte metabolism to 

a lipolytic situation and promote both FAO and recycling, and thereby, the futile cycle 

[220, 231]. 

 

1.4.5. PHOSPHOLIPID METABOLISM 

Phospholipids are the main component of cell membranes and also of the LD monolayer 

[232]. Thus, they are involved in cell growth and LD biogenesis and dynamics but also 

act as lipid messengers. The major phospholipids in mammalian cells are PC, which is 

the most abundant, PE, and phosphatidylserine (PS). Other phospholipids such as 
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sphingomyelin, cardiolipin (CL), PI, and in a lower extent phosphatidylglycerol (PG), 

are also important membrane components [233].  

Phospholipid enzymatic enzymes have been localised in distinct subcellular 

localizations, but the ER and the Golgi apparatus are the main locations of phospholipid 

biosynthesis [233]. Two lipid intermediates, phosphatidate and DAG, are synthesised in 

the ER and occupy a branch point between TAG and phospholipid biosynthesis. Both 

phosphatidate and DAG can serve as precursors of phospholipids and initiate two 

different synthetic pathways: the cytidine diphosphate-diacylglycerol (CDP-DAG) and 

the Kennedy pathways (Fig. 1.10) [233]. 

 
FIGURE 1.10 Glycerolipid metabolism. The main pathways of glycerophospholipid synthesis and 

remodelling are represented. 

 

1.4.5.1. THE CDP-DAG PATHWAY 

Similarly to TAG synthesis, this pathway is initiated by GPAT and AGPAT enzymes, 

which provide phosphatidate. Phosphatidate is then converted by the cytidine 

diphosphate-diacylglycerol synthase (CDS; EC 2.7.7.41) into CDP-DAG. Mammals 

express two genes, CDS1 and CDS2, which are also involved in LD growth and 

adipogenesis [234].  
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The phospholipids PI, CL, and PG are synthesised from CDP-DAG. First, the PI 

synthase (EC 2.7.8.11) forms PI from CDP-DAG and myo-inositol, in the ER 

membrane. PI is then converted into highly phosphorylated forms, with key roles in 

cellular signalling. Second, PG formation is catalysed by the phosphatidylglycerol 

phosphate synthase (EC 2.7.8.5), which is located in both the ER and mitochondria. 

Last, in the mitochondrial membranes, CL is synthesised by the combination of PG and 

another CDP-DAG molecule, through the action of the cardiolipin synthase (CLS1; EC 

2.7.8.41) [233, 235, 236]. 

In adipocytes, the lipin family, which catalyses the conversion of phosphatidate to 

DAG, and CDS may control the balance between cell growth and TAG storage. The 

lipin family plays a key role controlling the pools of phospholipids and TAG in yeast 

[237], and CDS coordinates cell growth and fat storage by partitioning the flow of fatty 

acyl-CoA between PI synthesis and TAG synthesis in the fat body of Drosophila 

melanogaster [238]. Moreover, this balance could also be controlled by the source of 

lipids. For instance, in Drosophila, de novo synthesised PI contributes most to the 

growth of salivary gland cells, while externally derived PI mainly stimulates fat cell 

growth [238]. 

 

1.4.5.2. THE KENNEDY PATHWAY 

Alternatively, the lipin family can convert phosphatidate synthesised in the ER into 

DAG, which is localised at a crosspoint between TAG synthesis and the synthesis of the 

major phospholipids PC, PE and PS through the Kennedy pathway [233]. 

In 1956, Kennedy and Weiss elucidated this pathway of phospholipid synthesis that it is 

usually divided in two branches, CPD-choline and CDP-ethanolamine pathways [239]. 

Both branches display similar reactions. First, choline and ethanolamine are 

phosphorylated, and subsequently converted into CDP-choline or CDP-ethanolamine by 

citidyltransferases. Last, in the ER membranes, the cholinephosphotransferase (CTP) 

and ethanolaminephosphotransferase (ETP) combine these molecules with DAG for PC 

and PE synthesis. Choline-phosphate citidyltransferase (CCTα; EC 2.7.7.15) and PC 

levels are involved in LD biogenesis and LD dynamics [146, 240, 241]. 
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1.4.5.3. OTHER PHOSPHOLIPID SYNTHESIS PATHWAYS 

Adipocytes synthesise PC mainly via the Kennedy pathway but also via the methylation 

pathway and the Lands’ cycle. PE can be converted into PC by the transferase enzyme 

phosphatidylethanolamine N-methyltransferase (PEMT) (EC 2.1.1.17) that catalyses 

three successive methylation reactions, known as the methylation pathway [233, 242]. 

PEMT is expressed in liver and adipocytes and this pathway has an important role in 

adipogenesis [240].  

PC can also be produced at the LD by the Lands’ cycle or remodelling pathway. Once 

the glycerophospholipids have been synthesised, they undergo maturation in the 

remodelling pathway, described by Lands in 1958 [243, 244]. In this pathway, the acyl-

CoA composition of the sn-2 position is altered by the actions of phospholipases A2 

(PLA2s) and lysophospholipid acyltransferases (LPLATs). Among the LPLATs, the 

lysophosphatidylcholine acyltransferase family (LPCAT, EC 2.3.1.23) catalyses the 

turnover of acyl groups in phospholipids, releasing fatty acids and forming 

lysophospholipids. There are four isoforms of LPCATs (LPCAT1, LPCAT2, LPCAT3, 

and LPCAT4), which exhibit different specificities. Globally, LPCATs catalyse the 

interconversion between PC, PE, PS and PG; and LPC, LPE, LPS and LPG [245]. 

LPCAT1 and LPCAT2, which catalyse the conversion between LPC and PC, have both 

been localised on the LDs [246]. LPCATs activities and LPCAT3 gene expression are 

induced during adipogenesis in mice, coinciding with phospholipid remodelling, 

pointing to a possible role of LPLATs in adipogenesis [247]. 

Moreover, both PC and PE serve as precursors of PS. Phosphatidylserine synthase 1 and 

-2 (PTDSS1 and PTDSS2; EC 2.7.8.29) catalyse a head-group exchange reaction with 

PC or PE, respectively. PS can be converted again into PE in the inner mitochondrial 

membrane through decarboxylation by the phosphatydilserine decarboxylase (PISD; EC 

4.1.1.65). In 3T3-L1 cells, LD growth and stabilization occurs by concerted pathways 

involving increased phosphatidylserine synthesis (PTDSS1) and decarboxylation 

(PISD), followed by PE methylation (PEMT) to form PC [240]. 

 

1.4.6. GLUCOSE HOMEOSTASIS. 

In addition to lipid balance, AT is also involved in glucose homeostasis and insulin 

sensitivity. Alterations in adiposity have profound implications for glucose homeostasis, 
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and both obesity and lipodysthrophy are associated with insulin resistance and 

hyperglycaemia [106].  

 

1.4.6.1. INSULIN ACTION IN ADIPOCYTES 

Insulin regulates glucose, amino acid and fatty acid uptake, and the synthesis of 

proteins, fatty acids, and cholesterol [248]. The main glucose transporter in adipocytes 

is GLUT4. Insulin stimulates glucose uptake in muscle and AT through the 

translocation of GLUT4 from an intracellular compartment to the cell surface. In 

addition, insulin also increases GLUT4 recycling and decreases its endocytosis [159]. 

Insulin binds its membrane receptor (IR) in the adipocyte surface, and triggers two 

canonical signalling pathways: the phosphoinositide 3-kinase (PI3K) /Akt pathway, 

responsible for the metabolic effects, and the mitogen-activated protein kinase/ 

extracellular signal–regulated kinase (MAPK/ERK) pathway, responsible for effects on 

cell growth and proliferation. The PI3K/Akt pathway culminates with the 

phosphorylation of these kinases. Subsequently, they phosphorylate multiple substrates 

that result in increased trafficking of GLUT4-containing storage vesicles to the plasma 

membrane, glucose transport, lipolysis inhibition, and activation of fatty acid, protein 

and DNA synthesis [249, 250]. On the other hand, the activation of the extracellular 

signal–regulated kinase (ERK) pathway promotes AT growth and differentiation, as it is 

involved in mitogenic responses of pre-adipocytes to growth factors [251], serine 

phosphorylation of SREBP [252] and increases both expression and activation of 

PPARγ [253, 254].  

 

1.4.6.2. INSULIN RESISTANCE IN DYSFUNCTIONAL ADIPOSE 
TISSUE  

AT does not have a major direct role in postprandial glucose metabolism as insulin-

dependent glucose uptake represents a low percentage of the whole body glucose uptake 

[255]. Nevertheless, AT contributes to regulate insulin action due to its key role as a 

regulator of metabolism and as an endocrine organ. AT interacts with other insulin-

responsive tissues, and influences glucose balance by releasing lipolytic substrates and 

signalling molecules [25, 255]. The dysfunction of AT leads to several mechanisms that 

influence glucose balance including the altered production of adipokines, local and 

systemic inflammation, increase of released fatty acid levels, deregulation of 
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adipogenesis and accumulation of ectopic fat [199, 255, 256]. Each of these 

mechanisms is further described below. 

The disruption of insulin signalling in adipocytes causes changes in the expression and 

localization of GLUT4, and alters adipocyte function, which may have a large impact in 

the whole-body metabolism [159]. Adipose-specific GLUT4 downregulation in mice 

induces insulin resistance in muscle and liver, despite the fact that these tissues exhibit 

normal GLUT4 levels [257].  

The deregulation of the adipokine profile contributes to impair insulin signalling. 

Healthy adipocytes produce several adipokines, such as adiponectin, leptin, visfatin, 

omentin-1, vaspin, chemerin and fibroblast growth factor 21 (FGF21), which increase 

insulin sensitivity. On the contrary, adipokines secreted by hypertrophic adipocytes, 

such as resistin, retinol binding protein 4 (RBP4), TNF-α, interleukin-6 (IL-6) and other 

cytokines impairs insulin sensitivity [106, 255, 256]. 

Systemic low-grade chronic inflammation is a known factor contributing to insulin 

resistance. AT contributes to this inflammatory state by releasing fatty acids and other 

lipids through lipolysis, and by secreting inflammatory cytokines that potentiate 

inflammation in both adipose and other peripheral tissues. The inflammatory cytokines 

include TNF-α, monocyte chemoattractant protein-1 (MCP1), IL-6, IL-8, IL-1b, and 

RBP4 [255]. These cytokines potentiate macrophage infiltration to local tissues and 

exacerbates the systemic inflammation. The activation of inflammatory pathways within 

metabolic tissues potentiates insulin resistance via serine phosphorylation of IRS 

proteins and inhibition of insulin signalling [50, 255]. 

The inability of impaired adipocytes to accumulate fat, increased lipolysis and defects in 

adipogenesis lead to increased NEFA plasma levels. An important role in adipocyte 

metabolism disruption has been attributed to TNF-α, which potently decreases 

expression of adipogenic transcription factors including C/EBP and PPARγ, induces the 

lipolytic pathway, and decreases IR and GLUT4 expression [188, 254, 258]. 

Furthermore, the LD-associated proteins appear to have a role in insulin resistance in 

adipocytes, since CIDEA, CIDEC and PLIN1 gene expression in SAT and VAT is 

inversely correlated with insulin sensitivity. The reduced levels of these proteins 

compromise their function in protecting LDs from the lipases and, therefore, TAG 

lipolysis and fatty acids release are increased. 
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Increased levels of plasma NEFAs cause ectopic lipid accumulation and lipotoxicity 

[111, 199, 256]. Besides, increased fatty acids impede insulin-stimulated glucose uptake 

and oxidation in AT and skeletal muscle, whereas it attenuates the insulin-mediated 

suppression of glucose synthesis in liver [108]. In addition, the ectopic lipid deposition 

caused by the elevated NEFA levels promotes insulin resistance in non-adipose cells. 

The accumulation of intracellular fatty acids potentiates the activation of PKC, and 

impairs insulin signalling [255]. 
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1.5. THE LIPIN PROTEIN FAMILY 

The lipin proteins represent a family of type 1 PAP enzymes with a central role in lipid 

metabolism (EC 3.1.3.4). Lipins catalyse the Mg2+-dependent dephosphorylation of 

phosphatidate to DAG, which can be acylated to form TAG [259]. In addition to 

providing DAG for TAG synthesis, lipins have been involved in other important 

functions since both phosphatidate and DAG are signalling lipids and precursors for 

phospholipid biosynthesis [260, 261]. Consistent with their key metabolic roles, loss of 

lipin function disrupts several signalling pathways, phospholipid synthesis, membrane 

organization, LD biogenesis and TAG production in several model organisms [262-

266]. Furthermore, lipins regulate gene expression by modulating the activity of key 

transcription factors [267].  

The involvement of this family in obesity and diabetes is still unclear. In mice, lipin-1 

deficiency causes lipodystrophy [259], whereas humans with deleterious mutations of 

lipin-1 exhibit normal AT distribution [268]. Nevertheless, reduced AT LPIN1 

expression [269, 270] and PAP1 activity [271, 272] have been described in type 2 

diabetes.  

 

1.5.1. EVOLUTION OF THE LIPIN FAMILY  

Lipins are evolutionarily conserved in eukaryotes. Fungi, nematodes and insects express 

one lipin, whereas mammals express three paralogs: lipin-1 (with three described 

isoforms, -1α, -1β and -1γ), lipin-2 and lipin-3 (Fig. 1.11) [261, 273, 274]. 

PAP1 activity is well conserved from the single ortholog in yeast (known as Pah1p) to 

the mammalian lipin family proteins, due to the highly conserved functional domains 

[259]. All lipin family proteins exhibit similar primary organization. They contain two 

highly conserved regions at the opposite ends of the protein, the amino-terminal lipin 

domain (N-LIP), and catalytic carboxy-terminal lipin domain (C-LIP) [259]. 

The function of the amino terminal domain is unclear but some studies have reported its 

importance in lipin activity and localization, since a point mutation (G84R) in mice 

abrogates PAP1 activity, blocks lipin-1 nuclear localization, and produces similar 

phenotype as the lipin-1-deficient mice [259, 275]. Moreover, a protein phosphatase-1c 

(PP-1c) binding domain has been found in the N-LIP domain of all three mouse lipin 
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paralogs and in the yeast lipin. PP1-c is the major protein dephosphorylation enzyme 

and its PP-1c binding motif (HVRF) is localised in the NLIP domain and required for 

maintaining PAP activity and for nuclear localization [276].  

 

 

FIGURE 1.11 Evolutionary conservation of the lipin protein family. Lipin homologs are found from 
yeast to humans. N-LIP and C-LIP motives (blue bars) are highly conserved. Within the C-LIP 
domain, the PAP1 enzyme active site motif, DXDXT (yellow bar), and the motif required for 
lipin interaction, LXXIL (purple bar), are shown. Red bars depict basic motifs required for 
nuclear localization and/or phosphatidate binding, NLS/PBD. Finally, a motif required for lipin 
interaction with transcriptional activators and coactivators (purple bar). Figure adapted from 
Csaki et al. [277]. 

The C-LIP domain contains two well defined functional motifs, the DXDXT motif, 

which constitutes the Mg2+-dependent catalytic site for PAP1 activity [260], and the 

LXXIL motif, required for the transcriptional coactivator function and that facilitates 

complex formation with transcriptional activators and nuclear factors [267, 278]. 

Furthermore, lipin proteins contain a putative nuclear localization sequence (NLS) close 

to the N-LIP domain [259]. The NLS sequence contains a polybasic domain (PBD) that 

has been recently identified as the phosphatidate-binding domain. Therefore, the 

NLS/PBD is necessary for both nuclear localization and phosphatidate binding [279, 

280]. 
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1.5.2. THE LIPIN FAMILY IN MAMMALS 

In 2001, Péterfy et al. [259] identified Lpin1 as the mutated gene causing the phenotype 

of the fatty liver dystrophy mouse (fld), characterised with lipodystrophy, insulin 

resistance, hypertriglyceridemia, neonatal fatty liver, and peripheral neuropathy (Fig. 

1.12). 

 

FIGURE 1.12 The fld mouse shows lipodystrophy. The lipodystrophic phenotype of the fld mice, due 
to Lipin-1 deficiency, is shown. Fld mice exhibit reduced epididymal AT as shown by the 
ventral view of wild-type (ctl) and fld mouse (a). The affected appearance of the AT is shown 
by cross-sections of epididymal fat pads from wild-type (ctl) and fld mice (b). AT from mice 
lacking lipin-1 present immature adipocytes with scarce LDs. Images from Péterfy et al. [259]. 

Afterwards, Lpin2 and Lpin3 genes were identified by sequence homology, based on 

amino acid sequence similarity (Fig. 1.13) [259]. The sequence identity of lipin-2 and 

lipin-3 with lipin-1 is 49 per cent and 46 per cent, respectively [281]. Mouse lipin-1, 

expressed in 293T cells, showed the highest PAP1 activity and lipin-1ß PAP1 activity 

was about 1.7-fold that of lipin-1α [261]. On the other hand, lipin-2 exhibited about 25 

per cent and lipin-3 about 20 per cent of the specific activity of lipin-1α [261]. With 

regard to humans, the three human lipin proteins display 44-48 per cent amino acid 

identity with the mouse proteins [282]. The activity of these human lipin proteins has 

not yet been elucidated.  

 In mice, lipin-1 mRNA undergoes alternative splicing that gives rise to two isoforms, 

lipin-1α and lipin-1β, which display complementary functions but different tissue 

expression profile, subcellular localization and temporal expression pattern [274]. 

Humans also express these two isoforms and at least one more, the lipin-1γ. In humans, 

the primary sequence of lipin-1α contains 890 amino acid residues; lipin-1β includes an 

additional β-specific region of 36 amino acids; and lipin 1γ, a region composed of 26 
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extra amino acids (Fig. 1.13) [273]. Due to its hydrophobic-γ-specific domain, lipin-1γ 

preferentially localises to LDs in human brain and alters LDs morphology without 

altering total TAG levels [284]. All lipin-1 isoforms show PAP activity but have 

different substrate affinities. Human lipin-1γ showed the lowest PAP1 activity among 

the lipin-1 isoforms although has a greater affinity for phosphatidate [273]. 

 

 
FIGURE 1.13 The mammalian lipin family. The lipin family in mammals is composed by three 

paralogs and three lipin-1 isoforms generated by alternative splicing. The N-LIP and C-LIP 
domains and the NLS/PBD, DXDXT and LXXIL motifs are represented as in Fig. 1.11. The 
sumoylation motifs are indicated as ΦKXE, where Φ represents hydrophobic amino acids and 
X denotes any aminoacid. The bars denoted as β and γ represent the lipin-1β and lipin-1γ 
specific sequences, respectively. Finally, conserved serine residues required for PAP activity in 
mouse lipin-1α (S724) and lipin-2 (S731) are indicated. Figure adapted from Bou Khalil et al. 
[283]. 

 

1.5.3. TISSUE DISTRIBUTION PATTERNS OF LIPINS 

All lipins display distinct but overlapping expression patterns in mouse and human 

tissues [261]. The expression profiles observed in mouse and humans are similar with 

some differences at the expression level [261]. In mice, Lpin1 is highly expressed in 

skeletal muscle and, at lower levels, in AT depots, brain, and liver. Instead, human 

LPIN1 expression is most abundant in AT, followed by skeletal muscle, and lower 

expression is detected in some portions of the digestive tract [261]. Lpin2/LPIN2 gene 

expression is most prominent in the liver and brain, and lower levels are found in the 

intestine in both mice and humans. Furthermore, human LPIN2 also exhibits high 

expression levels in AT [261], and is the predominant lipin in red blood cells, bone 

marrow, thymus and spleen, although at much lower levels [278]. Lpin3 mRNA showed 

a different expression profile, with presence in most tissues but at a low level [261].  

Mouse and human Lpin3/LPIN3 are primarily expressed in intestine and other regions 
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of the gastrointestinal tract, and at low but substantial levels in human liver and AT 

[261]. 

The different expression patterns may indicate that lipins differ in physiological 

function but they can cooperate with each other or even compensate for PAP activity in 

some physiological contexts [262, 263, 285, 286]. Indeed, in mice adipocytes, lipin-1 

and lipin-2 perform distinct functions in adipogenesis and LD biogenesis [262, 287], 

whereas lipin-1 and lipin-3 cooperate to determine adipogenesis [263]. On the other 

hand, mouse lipin-1 and lipin-2 function together to maintain the glycerolipid 

homeostasis in liver and cerebellum [285, 286]. Furthermore, Lpin1-decifient mice, 

showed increased expression of liver Lpin2 and Lpin3 isoforms pointing to a possible 

partial compensation mechanism to balance the lack of lipin-1 [261, 288]. 

 

1.5.4. SUBCELLULAR LOCALIZATION 

Lipins are recognised as predominantly cytosolic proteins that translocate to their sites 

of action in cytosolic membrane compartments and nucleus [275, 287, 289-291].  

Nevertheless, some differences in subcellular localization have been attributed to lipin 

family members.  

Studies using mouse lipin protein revealed that lipin-1α and lipin-1β may be cytosolic, 

nuclear or associated to ER [274, 275, 291, 292]. Nevertheless, in mouse mature 

adipocytes, lipin-1α is primarily nuclear whereas lipin-1β is mainly cytosolic [274].  

Besides, lipin-1β can also be recruited to the mitochondria [290], and lipin-1α has been 

localised in the LD surface in human macrophages [266]. In human brain, lipin-1γ has 

been localised in microsomes, mitochondria and LD surface, and reported as a LD-

associated protein [284].  

Lipin-2 is mainly located in the soluble fraction and partially associated with the ER 

and the nuclear envelope in HeLa cells and mouse adipocytes [287, 289]. Contrary to 

other lipin members, lipin-2 is considered mainly excluded from the nucleus in COS-7 

cells in normal conditions [291]. However, lipin-2 also has the putative NLS, and a role 

as transcriptional cofactor has been reported [278]. 

Similarly, lipin-3 has been located primarily in the cytosol but exhibits variable 

subcellular localizations. In COS-7 cells, overexpressed lipin-3 has been localised in 

both cytosol and nucleus [291]. Nevertheless, in another study in COS-7 cells, the 
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overexpression of lipin-3 showed an exclusively cytosolic localization of this enzyme 

[263]. However, when lipin-1 and -3 were overexpressed at the same time, lipin-3 was 

localised in both nucleus and cytoplasm [263]. 

 

1.5.5. LIPIN FUNCTIONS 

Lipins have dual functions that make them critical regulators of lipid metabolism and 

homeostasis (Fig. 1.14): they serve as PAP enzymes and as transcriptional regulators, 

controlling both DAG synthesis and transcriptional levels of several genes [293]. 

1.5.5.1. PHOSPHATIDATE PHOSPHATASE ACTIVITY 

As PAP1 enzymes, lipins catalyse the Mg2+-dependent dephosphorylation of 

phosphatidate to DAG, which can then be acylated to form TAG [260]. Therefore, 

lipins catalyse the penultimate step in the sequential G3P pathway. Contrary to the 

acyltransferase enzymes, which are integral RE membrane proteins, lipin proteins reside 

in the cytosol and transiently associate with the ER membrane during the PAP1 reaction 

[110, 294]. 

  

 
FIGURE 1.14 Dual functions of lipin. Lipins can act (1) as PAP enzymes for DAG biosynthesis in the 

endoplasmic reticulum, which can be used for TAG and phospholipid synthesis and cell 
signalling; and (2) as transcriptional coactivators, interacting with PPARα, PGC1α and other 
factors such as histone acetyl transferase (HAT), and promoting FAO genes expression. Figure 
adapted from Reue and Brindley [295]. 
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As described above, all three lipins have PAP1 activity in mouse [261], while only 

human lipin-1 activity has been tested [273]. Depending on the tissue, different lipin 

members may account for the majority of PAP1 activity. First, in mouse AT and 

muscle, lipin-1 accounts for almost all PAP1 activity, and has an important role also in 

brain, kidney, and lungs [261]. Second, lipin-2 appears to represent the main enzymatic 

activity in liver and brain [259, 261, 285]. Last, lipin-3 seems to be required, along with 

lipin-1, for optimal PAP activity in AT, liver, spleen and kidney [263]. 

The regulation of PAP1 activity triggers, by controlling the levels of both substrate and 

product, the regulation of DAG production for TAG biosynthesis, the use of 

phosphatidate and DAG in phospholipid biosynthetic pathways, and the control of 

different signalling cascades [260, 261]. 

 

1.5.5.1.1. TAG	synthesis	
Lipin-1 has been characterised as a key enzyme that determines fat mass and energy 

balance in mice. Lipin-1 deficient mice show lipodystrophy, the incapacity for TAG 

accumulation in AT. In muscle, TAG accumulation deficiency is partially compensated 

with increased levels of cholesteryl esters that accumulate in LDs [259, 296]. 

Conversely, the overexpression of lipin-1 in these organs induces obesity [297]. On the 

other hand, humans with deleterious mutations of lipin-1 do not develop lipodystrophy 

and have normal AT distribution, pointing to a clear difference between mouse and 

human lipin-1 [268].  

Lipin-2 is the main contributor to mouse liver PAP1 activity. Livers of fld mice have 

increased expression of lipin-2 and normal PAP activity [261]. Lipin-2 is also the main 

lipin in macrophages, where it has a protective role in proinflammatory signalling 

mediated by saturated fatty acids [298]. Besides, despite lipin-1 is also expressed in 

human macrophages, it has been reported that it does not participate in macrophage 

TAG synthesis [266]. Lipin-2 production of DAG allows the use of fatty acids to avoid 

the stress produced by free fatty acids and to control the fatty acid-related low-grade 

inflammation in both mouse and human macrophages [298]. Other studies reported also 

a protective role for lipin-2 in inflammation resulting from oxidative stress in liver and 

lungs [299, 300] and ER stress in liver [301]. However, the mechanism involved in this 

regulation has not yet been elucidated. 
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As mentioned above, lipin-3 is expressed al low levels in many tissues, such as liver, 

where the absence or depletion of the other lipin members seems to induce its 

expression [261]. Due to that, it has been proposed that mouse lipin-3 may account for 

PAP1 activity in lipin 1/2-depleted cells [261, 285, 288]. In addition, lipin-3 cooperates 

with lipin-1 in TAG synthesis in some tissues, since lipin-3-deficient mice showed 

reduced PAP activity, together with lower levels of TAG, in AT, kidney, spleen and 

liver [263].  

1.5.5.1.2. Synthesis	of	phospholipids	
Because both DAG and phosphatidate are precursors of phospholipids, the regulation of 

lipin activity determines the distribution of the glycerol backbone between TAG and 

phospholipids. Lipin-produced DAG can be used through the Kennedy pathway for the 

synthesis of the major phospholipids PE and PC [302], and phosphatidate is also used 

for PI, PG and CL synthesis via CDP-DAG [281, 303]. Since phospholipids are the 

main components of the cellular and intracellular membranes, regulation of 

phosphatidate dephosphorylation is critical for several aspects of lipid and membrane 

homeostasis, maintenance of nuclear/ER membrane morphology and membrane 

expansion [304-307].  

Furthermore, phosphatidate is an anionic cone-shape phospholipid, composed by one 

small polar head and two acyl chains. The conic structure hampers the normal 

membrane packing between the head of phospholipids resulting in a more relaxed 

membrane structure that allows the binding of proteins with basic and hydrophobic 

domains, such as lipins, by the ‘electrostatic/hydrogen bond switch’ mechanism [308, 

309]. Moreover, the abundance of cone-shape phospholipids induces negative 

curvatures in membranes that are necessary for fusion and budding processes [252, 

310]. Besides, the conversion of phosphatidate into DAG enhances the membrane 

curvature stability [252, 308]. Last, as LDs arise in the ER, the abundance of 

phosphatidate in the membrane is associated with LD abundance and LD size since it is 

recognised as a fusogenic phospholipid [311].  

1.5.5.1.3. DAG	and	phosphatidate	as	bioactive	lipids	
Lipins are also involved in cell signalling by controlling DAG and phosphatidate pools, 

which are bioactive lipids that influence many signalling cascades. The intracellular 

levels of phosphatidate can be controlled by various phospholipases, lipid kinases, and 
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phosphatases [308] Among them, it is thought that lipid phosphate phosphatases (LPPs; 

EC 3.1.3.4) constitute the main family involved in the regulation of DAG and 

phosphatidate lipid mediators [312]. LPPs are a family of enzymes with a second type 

of PAP activity, known as PAP2. LPPs or PAP2 are Mg2+-independent and N-

ethylmaleimide-insensitive phosphatidate phosphatases [313]. They dephosphorylate, 

which determinate their signalling actions, a wide range of lipid phosphates, several 

phospholipids and sphingolipids. There are three LPP members, LPP1 (and its splice 

variant LPP1a), LPP2, and LPP3, which are encoded by three separate genes: PPAP2A, 

PPAP2C and PPAP2B, respectively [312]. LPPs regulate signal transduction through 

dephosphorylation of substrates outside or inside cells. The active sites of LPPs are 

outside the plasma membrane or on the luminal surface of ER and Golgi membranes 

[312]. Several evidences support a role for LPPs in phosphatidate intracellular levels 

regulation, but how they get access to the intracellular phosphatidate is still unknown 

[314]. The main source of intracellular phosphatidate is the activation of phospholipase 

D (PLD, EC 3.1.4.4), which produces phosphatidate in the cytosolic side of membranes, 

an opposite location to LPPs [314]. 

Initially, it was believed that lipins were involved in TAG and phospholipid 

biosynthesis, whereas LPPs were involved in lipid signalling by metabolizing the PLD-

produced phosphatidate [312]. However, PLD-produced phosphatidate is also 

metabolised by lipin-1 in mouse adipocytes, fibroblasts and HeLa cells [290, 315]. 

Moreover, a growing number of studies have described the involvement of lipins in 

several signalling pathways. So far, PAP1 activity, and more specifically lipin-1, has 

been involved in the following pathways by regulating phosphatidate and DAG levels: 

mitosis signalling [287, 316, 317], mitochondrial fission [290], epidermal growth factor 

signalling [318], adipocyte differentiation [319, 320], insulin signalling [321], 

macrophages activation [322], eicosanoid generation [266], activation of group IVA 

phospholipase A2α [266], insulin sensitivity [321], VLDL secretion [323], lipid 

membranes curvature [324], and fusion [305], autophagy [296], reproductive biology 

[325], LD biogenesis [265, 266, 326] and keratinocyte differentiation [327]. 

Another family of enzymes that control DAG and phosphatidate cellular levels are 

diacylglycerol kinases (DGKs; EC 2.7.1.107). This family is composed by ten isoforms 

with different expression patterns that catalyse the conversion of DAG into 

phosphatidate, the reaction opposed to PAP enzymes [328, 329]. DGKs are localised in 
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the plasma membrane, ER and nucleus, where they regulate both signal transduction 

and lipid metabolism [329]. Indeed, they have been involved in the regulation of several 

physiological processes including insulin resistance and obesity in mice [328, 330]. 

 

1.5.5.2.  NUCLEAR TRANSCRIPTIONAL FUNCTION  

Lipins also act as co-regulators of DNA-bounded transcription factors. They do not bind 

directly to DNA but interact with nuclear receptors through their LXXIL motif acting as 

a molecular scaffold [267]. The exact mechanism involved is still unknown, but several 

studies point to a model by which lipin-1 recruits histone modifiers that activate or 

repress gene transcription [264, 331]. Despite the fact that all lipins contain the LXXIL 

motif, lipin-1 has more reported functions as a transcription cofactor than the other lipin 

members [293]. 

Lipins interact and control the expression of several PPAR family members. Fink et al. 

[267] first established a key role of lipin-1 in hepatic gene expression during fasting. 

Lipin-1 interacts directly with PGC1α and PPARα, forming a complex that modulates 

the expression of genes involved in mitochondrial metabolism and FAO [267]. In 

hepatocytes, lipin-2 and lipin-3 can also interact with PCG-1α/PPARα and PPARα, 

respectively [267, 278]. Lipin-1 also binds and activates PPARγ in adipocytes to 

increase the adipogenic gene expression profile during differentiation [332], and could 

regulate muscle β-oxidation by interacting with PPARδ [333]. 

Furthermore, Lipin-1 activates the expression of genes involved in fatty acid catabolism 

by interacting with the hepatocyte nuclear factor-4α (HNF-4α), and the glucocorticoid 

receptor in hepatocytes [267, 334]. In adipocytes, lipin-1 interaction with NFATc4 

represses its transcriptional activity and, thus, downregulates TNF-α, resistin, FABP4, 

and PPARγ expression [331]. Importantly, lipin-1 mediates the effects of mTORC1 on 

SREBP: mTORC1 induces the expression of SREBP-target genes involved in 

lipogenesis and cholesterol synthesis by sequestering lipin-1 out of the nucleus via 

lipin-1 phosphorylation [335]. In neuronal cells, lipin-1 can associate with and 

coactivate myocyte enhancer factor 2 (MEF2), a critical transcription factor that 

regulates neuron survival and differentiation [336]. Finally, lipin-1 also plays a 

significant role in regulating hepatic VLDL-TAG secretion in mice, mediated by its 

transcriptional-regulatory effects through unknown mechanisms [337]. 
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1.5.6. REGULATION OF LIPINS 

PAP1 activity is regulated at several levels including mRNA transcription, splicing, 

protein phosphorylation and sumoylation, subcellular localization, protein 

oligomerization, association with other proteins, intracellular pH, and membrane 

composition. Several studies suggested that lipin regulation might be tissue specific and 

dependent of the functional interactions between the lipin family members [261, 263, 

266, 285-287]. Even before the PAP enzyme was attributed to the lipin family, distinct 

PAP1 activity regulation was found in different tissues. Several studies in mice reported 

the induction of PAP1 activity in liver during starvation [338, 339], diabetes [340], 

hypoxia [341], and alcoholic fatty liver [342, 343]. On the other hand, PAP1 activity is 

decreased by diabetes [272] and during starvation [344] in mouse AT. 

 

1.5.6.1. TRANSCRIPTIONAL REGULATION 

Lipin-1 is highly regulated at the transcriptional level (Fig. 1.15). In response to 

lipogenic stimuli or in the need to activate the oxidative metabolism, several 

transcription factors interact with the lipin-1 promoter to induce lipin expression in 

different tissues [264]. 

Fasting, glucocorticoids, and diabetes induce hepatic Lpin/LPIN1 gene expression in a 

PGC1α-dependent manner [267, 334], accompanied with induced PAP1 activity [286]. 

In addition, the effect observed with glucocorticoids is potentiated by cAMP signalling 

and glucagon, but inhibited by insulin [345]. Mice receiving a high fat diet show 

increased liver Lpin1 expression mediated by the cAMP response element binding 

protein (CREB) [321]. Ethanol also increases the expression of hepatic Lpin1 through 

the SREBP-1 and nuclear factor–Y (NF-Y) signalling [346-348]. On the other hand, 

resveratrol, a polyphenol that prevents alcoholic fatty liver, reduces LPIN1 expression 

via SREBP-1 downregulation [349]. Moreover, SREBP-1 and NF-Y are also required 

for sterol induction of LPIN1 expression in hepatoblastoma cells [350]. Instead, hepatic 

lipin-1 is downregulated by oestrogens [325]. 

In adipocytes, LPIN1/Lpin1 expression is increased during adipogenesis [263, 351]. 

Lpin1 expression is induced by glucocorticoids during adipocyte differentiation and 

under situations that increase glucocorticoids secretion, such as obesity and fasting 

[351]. Moreover, the Lpin1 promoter contains a functional glucocorticoid response 
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element (GRE), which can bind to the glucocorticoid receptor in response to synthetic 

glucocorticoids, such as dexamethasone, and promote lipin expression and adipogenesis 

[351]. Furthermore, C/EBPα, one of the main transcription factors involved in 

adipogenesis, also induces Lpin1 expression [332]. 

Additionally, insulin-sensitizing compounds also stimulate Lpin1 expression in AT 

[352]. The flavonoid phloretin induces Lpin1 expression in 3T3-L1 adipocytes [353]. 

Conversely, LPS, zymosan and pro-inflammatory cytokines supress Lpin1 in mouse AT 

and in cultured 3T3-L1 adipocytes [354]. ER stress also downregulates Lpin1 

expression in mouse adipocytes through a mechanism that may involve PPARγ [355]. 

Rapamycin, an inhibitor of mTORC1 used as an immunosuppressive agent, 

downregulates LPIN1 expression in AT explants [356]. Propranolol, a beta-adrenergic 

blocker and PAP1 inhibitor, reduces Lpin1 expression and adipogenesis in 3T3-L1 cells 

[320]. 

 

 
FIGURE 1.15 Regulation of Lpin1 expression. Lpin1 transcription is regulated by several stimuli and 

cellular situations that stimulate (upper panel) or repress (lower panel) Lpin1 mRNA 
expression. Figure adapted from Csaki and Reue [282]. 

Less is known about lipin-1 regulation in other tissues. Cold exposure induces Lpin1 

expression in mouse BAT [320]. Activation of β-adrenergic receptors in muscle 

activates the orphan nuclear receptor (NOR-1), which is recruited into the lipin-1 

promoter and strongly activates Lpin1 expression to control oxidative metabolism [357]. 

Exercise induces rat skeletal muscle Lpin1 expression in mouse muscle [333]. Lpin1 
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expression was induced in atrophying skeletal muscle of diabetic rats and fasted mice 

[358]. Instead, cardiac LPIN1 expression is decreased in type 2 diabetes and heart 

failure [359-361]. Moreover, in the uterus, oestrogens inhibit lipin-1 expression, which 

points to a role of lipins in uterine function and reproductive biology [325]. 

Lipin-2 expression is much less characterised than lipin-1. Hepatic expression of lipin-2 

is also upregulated during fasting and obesity [288]. However, its expression is not 

regulated by cAMP, PGC1α or glucocorticoids [275, 287]. Situations that involve 

inflammation mediated by ER stress in liver and by oxidative stress in both liver and 

lung cause an induction of lipin-2 expression, but not in mouse adipocytes [299-301, 

355]. Lipin-1 and lipin-2 exhibit a reciprocal regulation that is observed in their 

opposite pattern of expression during adipogenesis, where lipin-2 is repressed during 

the differentiation process [287]. Besides, when the expression of one of these lipin 

members is depleted the expression of the other lipin member is induced in both mouse 

adipocytes and HeLa cells [262, 287]. This reciprocal control of lipin-1 and lipin-2 

expression has been also found in liver at protein levels, but, in this case, the reciprocal 

regulation seems to be produced by a post-transcriptional mechanism since the mRNA 

levels were not altered [261, 285, 288]. 

As mentioned above, lipin-3 has been proposed to support PAP activity in lipin-1 and 

lipin-2-depleted cells [261, 263, 285, 288]. Liver Lpin3 expression is increased in Lpin1 

and Lpin2-knockout mice [261, 285]. Furthermore, the depletion of lipin-2 in 

hepatocytes leads to a compensatory increase in Lpin3 expression that is higher in fld 

hepatocytes [288]. However, at the protein level, lipin-3 remained undetectable in 

hepatocytes [288], and with no changes in the mouse liver [285]. On the contrary, 

Sembongi et al. [262] found that lipin-3 mRNA levels are reduced in adipocytes with 

combined depletion of lipin-1 and lipin-2. Nevertheless, similarly to Lpin1, Lpin3 

expression is induced during adipogenesis in both mice and human adipocytes, leading 

to the hypothesis that it might also be involved in adipogenesis and TAG synthesis 

[263]. 

1.5.6.2. ALTERNATIVE SPLICING  

Lipin-1 mRNA generates three isoforms by alternative splicing, lipin-1α, -1β and -1γ, 

that are expressed distinctively depending on the tissue [273, 274]. For example, Lipin-

1γ is the main lipin-1 isoform in human brain, and lipin-1α and -1β are highly expressed 

in human AT, liver and skeletal muscle [261, 284, 362]. Moreover, in mice, lipin-1α is 
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the predominant form in brain, spleen and prostate, whereas lipin-1β is most abundant 

in liver, kidney, heart, skin and testis [274]. 

Besides, the alternative splicing is not only tissue dependent but also temporarily 

regulated. In mouse, lipin-1α is the main isoform in pre-adipocytes, while lipin-1β is the 

predominant form in mature adipocytes [274]. These temporal profiles are due to the 

stimulation of lipin-1β expression by glucocorticoids during differentiation, pointing out 

that hormones have a role in the regulation of lipin alternative splicing [351]. Although 

glucocorticoids also induce, to a lesser extent, lipin-1α expression during adipogenesis, 

the increase in total lipin-1 expression is mainly due to the lipin-1β isoform [274, 332]. 

In obesity and in high-fat diet fed mice, the expression of several genes that regulate 

mRNA processing is decreased in muscle and liver [363].One of these genes is splicing 

factor arginine/serine-rich 10 (SFRS10), which binds to a GGAA sequence motif in the 

alternative exon 6 that is included in the β isoform, and promotes exon skipping and 

increases lipin-1α levels [363]. In mice AT, lipin-1β is associated with increased 

expression of lipogenic genes [274]. In accordance, SFRS10-knockdown in HepG2 cells 

and C2C12 myotubes exhibit increased TAG accumulation, whereas Sfrs10-knockout 

mice show increased levels of lipin-1β, and induction of lipogenesis and VLDL 

secretion, contributing to the obese phenotype [363]. 

 

1.5.6.3. SUBCELLULAR LOCALIZATION 

As mentioned before, lipins are mostly cytosolic proteins that may be translocated into 

specific subcellular localizations to exert their functions. In fact, changing lipin 

subcellular localization is a major mechanism for controlling lipin function [275, 289]. 

Lipins need to translocate into (1) intracellular membranes to participate in glycerolipid 

synthesis, (2) the nucleus to function as transcription co-regulators, (3) mitochondria to 

influence mitochondrial fission, and (4) LDs to alter their morphology [275, 279, 284, 

290]. In yeast, Pah1p recruitment to the membrane is mediated by its amino-terminal 

amphipathic helix that anchors dephosphorylated lipin-1 and allows DAG synthesis 

[364]. Both mammalian lipin-1 and lipin-2 hold predicted amphipathic helices at their 

amino-terminal end, but the involvement of this mechanism in the translocation to the 

membranes has not yet been tested [364]. Nevertheless, similar mechanisms, via 



Chapter1: General introduction  
 

 62 

amphipathic helices, have been suggested for the targeting of several proteins to ER and 

LDs membranes in mammals [365]. 

Several factors alter lipin subcellular localization including post-transcriptional 

modifications, such as phosphorylation and sumoylation, phosphatidate levels, and pH 

(Fig. 1.14) [275, 279, 336, 366]. Moreover, lipin-1 alternative splicing influences its 

subcellular localization: in adipocytes, lipin-1α is mainly located in the nucleus and 

lipin-1β is predominantly found in the cytosol [274], and in human brain, lipin-1γ is 

associated to LDs [284]. 

1.5.6.3.1. Phosphorylation	
Lipin proteins are highly phosphorylated, with over 25 phosphorylation sites in lipin-1 

[275, 335], and 15 in lipin-2 [289], identified by mass spectrometry in mammals. The 

phosphorylation status of lipins is closely associated with their subcellular localization 

[279]. Interestingly, lipin phosphorylation regulates PAP activity in yeast [364], but not 

in mammals [275, 279, 289]. However, it has been reported that lipin-1 and lipin-2 

phosphorylation during mitosis inhibits their PAP1 activity in HeLa cells [287]. These 

differences have been attributed to the different cell types and probably different 

enzymes involved. Nevertheless, it is thought that in mammals, lipin-1 binds 

phosphatidate by the electrostatic hydrogen bond switch mechanism, and lipin 

phosphorylation impairs the binding of phosphatidate to lipin [279].The NLS/PBD 

recognises and binds to deprotonated, di-anionic phosphatidate and, once bound, 

anchors lipin into membranes [279, 280].The PBD is a conserved sequence of basic 

residues (lysine and arginine), required also for nuclear localization [274, 280]. PBD 

phosphorylation prevents lipin to recognise di-anionic phosphatidate and acts as a 

negative regulator of PAP1 activity [279]. 

Lipin-1 phosphorylation and its subsequent subcellular localization are controlled by 

hormones. In mouse adipocytes, while insulin and mTORC1 promote lipin-1 

phosphorylation and markedly increase the ratio of soluble to microsomal lipin, 

epinephrine and oleic acid promote lipin dephosphorylation and increase the percentage 

of lipin bound to intracellular membranes [275, 335]. A later study showed that insulin 

promotes lipin-1 cytosolic localization by its interaction with the cytosolic proteins 14-

3-3 [292].Besides, insulin phosphorylation of lipin-1 blocks its nuclear entrance and 

transcriptional regulation activity. For instance, under insulin stimulation lipin-1 does 
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not interact with the SREBP protein, which induces the expression of fatty acid and 

cholesterol biosynthetic genes [335]. 

Contrary to lipin-1, mouse lipin-2 is not phosphorylated by insulin, nor affected by 

mammalian target of rapamycin (mTOR) inhibitors, and it has been suggested that lipin-

2 may be a constitutive enzyme that is not under acute regulation and provides 

continuously relatively low levels of PAP1 activity [289]. 

 
FIGURE 1.16 Regulation of subcellular localization and lipin protein modification. Lipin-1 can be 

phosphorylated and sumoylated in response to several stimuli that promote its membrane or 
nuclear localization, respectively. On the other hand, PLD6 activity promotes its mitochondrial 
localization. Besides, lipin-1 can form homo- or hetero-oligomers with the other paralogs. Both 
lipin-2 and -3 can be localised in the ER and cytosol, and probably in the nucleus, but little is 
known about their regulation. It has been reported that lipin-2 is phosphorylated and 
inactivated during mitosis. Picture adapted from Csaki and Reue [282]. 

1.5.6.3.1. Sumoylation		
In mouse neuronal cells, sumoylation of lipin-1α promotes its nuclear localization for 

regulating PGC1α and MEF2 transcription [336]. Indeed, mouse lipin-1α and lipin-1β 
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present two consensus sumoylation sites and can be sumoylated in vivo, although the 

biological significance of lipin-1β sumoylation is still unknown. On the contrary, 

sumoylation was not detected in lipin-2 and lipin-3 despite the fact that lipin-2 contains 

one consensus site close to the NLS [336]. 

1.5.6.3.2. Oligomers	
In mouse adipocytes, lipins, as many enzymes of TAG synthesis, form stable oligomers, 

hetero-dimers/tetramers, that serve as integrator units in the cytoplasm [291]. Atomic 

force microscopy showed that lipin-1β forms large complexes also on lipid bilayers 

[367]. Each monomer dephosphorylates phosphatidate independently and hetero-

oligomers may influence the subcellular localization and specific activity of the 

isoforms [291]. Moreover, the formation of homo-oligomers may be necessary to 

achieve full catalytic activity [291, 367]. 

1.5.6.3.3. Interaction	with	other	proteins	
Cytosolic proteins 14-3-3 associate with phosphorylated lipin-1 in adipocytes, which is 

required for insulin-mediated lipin-1 cytosolic localization [292]. Moreover, lipin-1 

interacts with seipin, an ER-resident protein involved in adipogenesis, which regulates 

lipin-1 activity by controlling its recruitment or retention into the ER membrane [368]. 

1.5.6.3.4. Intracellular	pH		
Intracellular pH affects the charge of phosphatidate in intracellular membranes and, 

consequently, binding to lipins as mentioned above (1.5.6.3.1) [279, 366]. Therefore, 

lipin-1 may fall into a relatively novel class of proteins that sense pH [369]. However, 

the phosphorylation of lipin may counterbalance the changes in affinity and subcellular 

localization induced by intracellular pH fluctuations [279]. Thus, the increase in 

intracellular fatty acids in adipocytes under lipolytic stimulation leads to decreased 

intracellular pH and lipin affinity for phosphatidate and, at the same time, the inhibition 

of lipin-1 phosphorylation increases its translocation to membranes and its affinity for 

phosphatidate [279, 370]. 

1.5.6.3.5. Membrane	composition	
The composition of different intracellular membranes can also affect the charge of 

phosphatidate [279, 366].  Deprotonation of phosphatidate is enhanced in the presence 

of primary amines, such as the headgroup of PE. Therefore, a reduced PC:PE ratio, due 

to increased percentage of PE in the membrane, leads to increased ratio of di-anionic to 
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mono-anionic phosphatidate and, hence, to increased binding to lipin-1 and increased 

PAP activity [379]. 

 

1.5.7. GENETIC VARIATIONS IN LIPIN GENES 

1.5.7.1. GENETIC VARIATIONS IN MOUSE 

1.5.7.1.1. Lpin1	genetic	variations	
Natural occurring autosomal recessive mutation in BALB/cByJ-fld mice, a combination 

of deletion, inversion and duplication [371], and the G84R substitution in the C3H/HeJ-

fld2J murine line [259] lead to lipodystrophy. Besides, similar results were found in rats 

[372]. Consistent with this, small interfering RNA (siRNA)-mediated silencing of lipin-

1 in mouse 3T3-L1 cells inhibits potently adipogenesis [287, 332]. On the contrary, 

enhanced lipin-1 expression targeted to AT or skeletal muscle in transgenic mice 

promotes obesity [297]. 

1.5.7.1.2. Lpin2	and	Lpin3	genetic	variations	
There are no murine models with mutations on these genes. On the contrary, mice with 

lipin-2-deficiency develop anaemia with presence of immature erythrocytes [285], and 

ablation of lpin-3 decreases TAG content in AT, spleen, kidney, and liver [263]. 

 

1.5.7.2. GENETIC VARIATIONS IN HUMANS 

1.5.7.2.1. LPIN1	genetic	variations	
On the other hand, LPIN1 mutations have not been observed in patients with 

lipodystrophy [373, 374], but a single nucleotide polymorphism in LPIN1 was 

associated with lipodystrophy in treated HIV+ patients [375]. 

Nevertheless, LPIN1 null mutations have been identified that cause rhabdomyolysis and 

statin induced myopathy (Fig. 1.17) [268, 376, 377]. Rhabdomyolisis is a potentially 

life-threatening syndrome resulting from acute breakdown of skeletal muscle 

sarcolemma due to acquired factors, with leakage muscle contents into the circulation 

[378]. Recessive mutations in LPIN1 have been identified as the major cause of severe 

rhabdomyolysis in childhood, whereas heterozygous LPIN1 missense mutations are 

associated with milder phenotypes and may promote statin-induced myopathy [376]. To 

date, at least 20 LPIN1 mutations have been identified in humans. Most of them are 

point changes or small insertions or deletions that result in premature termination 
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codons [277, 376]. Moreover, numerous unrelated patients showed an intragenic 

deletion of 73 aminoacids [376, 377]. It is noteworthy that these patients do not present 

lipodystrophy and show normal fat distribution, and it was hypothesised that this could 

be due to compensation by lipin-2 or lipin-3 in AT [277, 376].  

These LPIN1 mutations highlight the importance of this lipin family member in muscle. 

Primary myoblasts extracted from LPIN1-deficient patients showed increased LPIN2 

expression levels and LD content, and effects were mimicked by inflammatory 

cytokines [379]. In addition, a study in mouse lacking Lpin1 links muscle damage with 

impaired autophagy clearance [296]. 

Nevertheless, there is strong evidence that lipin-1 is involved in the determination of 

adiposity and adipocyte metabolism. Single nucleotide polymorphism in LPIN1, or 

specific haplotypes composed of several of such polymorphisms, are associated with 

BMI, waist circumference, insulin sensitivity, obesity, blood pressure, and plasma 

glucose and TAG levels in multiple human cohorts and ethnic groups [269, 380-387].  

1.5.7.2.2. LPIN2	genetic	variations	
LPIN2 mutations have also been identified in humans. Mutations in LPIN2 result in 

Majeed syndrome, psoriasis and some cases of rhabdomyolysis [277, 376, 388-390]. 

Thus, LPIN2 mutations have been related mainly with inflammatory diseases, which is 

in accordance with the reported roles of this lipin member. Majeed syndrome is a 

recessive rare (less than one case in one million) disease characterised by the formation 

of osteomyelitic lesions near the ends of long bones and dysperythropoietic anaemia 

[391]. Four LPIN2 mutations are known; three frameshift mutations that result in 

premature stop codons, and one missense mutation [277, 388, 389]. The mechanism 

regarding Majeed syndrome’s pathology has not yet been elucidated. Nevertheless, it 

has been reported that interleukin-1β, an inflammatory cytokine, may be involved in 

bone injuries [392]. The dysperythropoietic anaemia also occurs in Lpin2-deficient 

mice, and it has been suggested that the other symptoms of the syndrome may be related 

to the loss of lipin-2 in erythrocytes and lymphocytes, where it is the major expressed 

lipin [277, 278, 285]. Apart from Majeed syndrome, several LPIN2 missense mutations 

have also been associated with psoriasis, but the functional consequences of these 

amino acid substitutions have not yet been evaluated [390]. 
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Additionally, a significant common single nucleotide polymorphism of LPIN2 has been 

identified and associated with fat distribution, type 2 diabetes and glucose metabolism 

[393]. Another minor variation was associated with weight gain [394]. 

 

 
FIGURE 1.17 Reported lipin mutations. Mutations in the lipin family in humans and fld mice and their 

consequences are shown. Information provided in Michot et al. [376, 377], Milhavet et al. 
[390], Zeharia et al. [268], Al-Mosawi et al. [389], Ferguson et al. [388], and Péterfy et al. 
[259]. 

1.5.7.2.1. LPIN3	genetic	variations	
No studies have reported the physiological function of the less studied member of the 

family in humans. Besides, no human diseases caused by lipin-3 deficiency have been 

described. Nevertheless, heterozygous LPIN3 mutations have been associated with 

some cases of moderate rhabdomyolysis, as mentioned previously [263]. Moreover, 

genetic studies in humans have identified a variant near LPIN3 that has been associated 

with fasting glucose levels in healthy individuals [395]. 
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1.5.8. LIPIN PROTEINS IN ADIPOCYTES: ADIPOGENESIS AND 
METABOLISM 

All three lipins are expressed in both mouse and human AT and adipocytes, although at 

different levels [261, 263]. Lipin-1 protein levels stand out in mice AT, together with 

low expression levels of the other members of the family. In fact, the low lipin-3 protein 

levels in mice AT make this protein difficult to detect or undetectable in several studies 

[262, 263]. On the other hand, LPIN1 mRNA is predominantly expressed in human 

adipose depots but the expression of the other two members might be also significant 

[261]. The expression of lipin-1 protein in SAT and VAT has been tested by previous 

studies in our research group [396] but the protein expression of the other two members 

of the lipin family was not tested until quite recently [397].  

As explained above, the role of lipins in adipose metabolism, particularly lipin-1, has 

been studied mostly in mouse models. This dissertation aims to analyse the role of 

human lipins in adipogenesis and mature adipocytes. Thus, lipin functions in 

adipogenesis (section 3.1.1.), lipogenesis (3.1.2.), lipolysis (4.1.2. and 4.1.3.), and β-

oxidation and mitochondrial homeostasis (4.1.4.) will be introduced in the results 

section. 
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1.6. OUTSTANDING QUESTIONS AND OBJECTIVES 

Overall, lipin-1 is critical for rodent adipogenesis [259, 287, 332]. Moreover, all three 

lipin members may account for TAG biosynthesis in mouse adipocytes, although lipin-2 

might not have a significant role under normal situations [262, 263]. Besides, lipin 

functions also extend to glucose homeostasis and insulin sensitivity [301, 321]. 

However, most of these studies have been performed in mouse models and there are still 

unresolved issues about the role of this family in human adipose tissue. 

First, the role of the lipin family in human adipogenesis is still undefined. Whereas 

lipin-1 deficiency causes lipodystrophy in mice and rats [259, 372], deleterious 

mutations in LPIN1 do not alter fat distribution in humans [268]. It has been proposed 

that other lipin members may compensate PAP1 activity in the absence of lipin-1 in 

human adipocytes [263], but, to date, this theory has not been tested. Second, genetic 

polymorphisms of the lipin family and adipose lipin expression are associated with 

metabolic traits, obesity and diabetes, implying a role of the family in human adipocyte 

metabolism [269, 270, 382, 384, 387, 393, 398, 399]. However, the activity and 

function of each member of the lipin family have not yet been studied in human 

adipocytes, and very little is known on the roles of lipin-1 in human adipocyte 

physiology, while there is virtually no information on lipin-2 and -3. 

On the basis of this knowledge, the aim of this doctoral thesis is the study of the lipin 

family in human adipocytes. We planned to analyse their expression levels, functions 

and physiological consequences of their depletion, and investigate their involvement in 

obesity and diabetes. To this end, we proposed the three following intermediate aims: 

• To characterize the expression of the lipin family in adipose tissue of 
humans with type 2 diabetes 

Reduced LPIN1 expression in obesity [269, 270, 398], and PAP1 activity in type 2 

diabetes [271, 272] have been described. The differences observed in mouse and human 

on lipin-1 deficiency [259, 268] and the suggested roles of the other lipin paralogs in 

adipocytes prompted us to study the lipin family in human adipocytes. Previous studies 

of our research group have confirmed the expression of all lipins in SAT and VAT 

adipose tissue depots, and in adipocytes, both at mRNA and protein levels. This was the 
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start point of this dissertation and we first aimed to confirm these data by analysing 

protein levels of in SAT of lean, obese, and type 2 diabetes participants.  

• To study the lipin family roles in adipogenesis 

To further characterise the effects of lipin deficiency in human adipocytes, we aimed to 

investigate possible compensation mechanism for bypassing the lack of PAP1 activity, 

both among the lipin family members and on alternative pathways. To achieve this aim 

we used SGBS pre-adipocytes, a model increasingly being used for the study of human 

adipocytes [87, 102]. First, we characterised the lipin family in SGBS adipocytes 

(expression pattern in adipogenesis, relative abundance and subcellular localization). 

Second, we analysed the effects of loss-of-function on adipogenesis. For these, we 

depleted each lipin member and assessed its effect on adipocyte differentiation, and 

TAG and phospholipid biosynthesis. This studied allowed us to propose compensation 

mechanisms that explain normal adipose tissue distribution in humans with LPIN1 

deleterious mutations. 

• To study the lipin family roles in lipolysis 

Adipocytes balance TAG storage and degradation in response to nutrient demands, 

acting as a FA buffer system [108]. The FFAs produced subsequent to the induction of 

the lipolytic pathway in adipocytes are either re-esterified or release to the blood stream 

[200]. In obesity, lipolysis is increased, and the accumulation of intracellular FFAs 

promotes lipotoxicity, which has been related with insulin resistance [19, 50, 52]. Lipins 

have a recognised role in lipolysis regulation in mouse adipocytes [315], and LPIN1 

expression is positively correlated with insulin sensitivity [269, 270, 396, 398-401]. 

Thus, we assessed the roles of lipins in human adipocyte lipolysis and fatty acid 

recycling. For this, we sought to study the effects of lipin depletion in mature 

adipocytes under lipolytic stimulation. 
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2. CHAPTER 2: MATERIALS AND METHODS 
In this section, all materials and methods used in the research presented in this 

dissertation are detailed.  

Nevertheless, previous data that were essential for the first part in the results section, 

and are already published, can be found in the paper that is supplied in the annex. These 

data accounts for the study of human biopsies and has been described in the 

introduction.  

 

2.1. HUMAN ADIPOSE TISSUE BIOPSIES COLLECTION  

2.1.1. SELECTION OF PATIENTS FOR PROTEIN EXPRESSION 
ANALYSIS 

Samples were obtained at the Joan XXIII University Hospital. The Ethics Committee 

approved the study and informed consent was obtained from all participants. All 

participants had no systemic disease other than obesity [5] or type 2 diabetes [10]. A 

group of 28 male participants was recruited, which included 9 normoweight, 10 with 

obesity, and 9 with obesity and type 2 diabetes mellitus, matched for age (Table 3.3). 

 

2.1.2. ANTHROPOMETRIC MEASUREMENTS 

Height was measured to the nearest 0.5 cm and body weight to the nearest 0.1 kg. BMI 

was calculated as weight (kilograms) divided by height (meters) squared. Waist 

circumference was measured midway between the lowest rib margin and the iliac crest. 

 

2.1.3. COLLECTION AND PROCESSING OF SAMPLES 

SAT (anterior abdominal wall) samples were obtained from all subjects, during 

abdominal elective surgical procedures (cholecystectomy or surgery for abdominal 

hernia). All patients had fasted overnight. Blood samples were collected before the 

surgical procedure from the antecubital vein: 20 ml of blood with EDTA (1 mg/ml), and 

10 ml of blood in silicone tubes. Fifteen millilitres of collected blood were used for the 

separation of plasma. Plasma and serum samples were stored at -80°C until analytical 

measurements were performed. Adipose tissue samples were collected, washed in 1X 
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phosphate buffered saline (PBS), immediately frozen in liquid nitrogen, and stored at -

80°C. 

 

2.1.4. ANALYTICAL METHODS 

Plasma glucose and triacylglycerol levels were determined in an autoanalyzer (Hitachi 

737; Roche Molecular Bio- chemicals, Marburg, Germany) using the standard enzyme 

methods by the Joan XXIII hospital laboratory. Plasma insulin was determined by RIA 

(Coat-A-Count insulin; Diagnostic Products Corp., Los Angeles, CA) in all subjects, 

except in insulin-treated type 2 diabetes patients. The homeostasis model assessment of 

insulin resistance (HOMA-IR) was determined as [glucose (mmol/l) x insulin 

(mIU/l)]/22.5 [402].  

 

2.2. CELL CULTURE AND DIFFERENTIATION  

2.2.1. CELL CULTURE REAGENTS 

Panthothenate, biotin, transferrin, cortisol, triiodothyronine (T3), dexamethasone, and 1-

methyl-3-isobutylxanthine (IBMX) were supplied by Sigma-Aldrich Corporation (St 

Louis, MO, USA). Insulin was purchased from NovoNordisk (Bagsværd, Denmark), 

penicillin/ streptomycin from Hyclone (Logan, UT, USA), Normocin from Invivogen 

(San Diego, CA, USA), and rosiglitazone from Cayman Chemical (Ann Arbor, MI, 

USA). Dulbecco's Modified Eagle Medium (DMEM): Nutrient Mixture F12 medium 

(DMEM/F12), FBS, DMEM low glucose medium, 1X PBS, and trypsin-EDTA (0.25%) 

were supplied by Gibco (Thermo Fisher Scientific, Waltham, MS, USA).  

Tissue culture plates (12 well-, 6 well- and 145cm2-plates) were purchased from Nunc 

(NunclonTM delta surface) (Roskilde, Denmark). Live cell counting was performed by 

staining with trypan blue from Sigma-Aldrich Corporation. 

Regarding the stimuli used in the experiments, forskolin and CTP-cAMP were 

purchased from Calbiochem (San Diego, CA); triacsin C from Santa Cruz 

Biothecnology (Santa Cruz, CA); fatty acid-free bovine serum albumin (BSA), H89, 

etomoxir, isoproterenol, propranolol, glucose, mannitol, palmitic acid, palmitoleic acid, 

and stearic acids from Sigma-Aldrich Corporation. Oleic acid was supply by Fluka 

(Switzerland). 
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2.2.2. SGBS CELL CULTURE 

Simpson-Golabi-Behmel syndrome (SGBS) cells, a well-established system for studies 

of human adipocyte biology were used in the experimental research [87, 100]. 

SGBS pre-adipocytes were stored frozen in vials with a density ≤ 2E06 cells/ml in 

growth medium (described bellow) supplied with 10% DMSO. Vials were quickly 

thawed in a 37°C water bath, cells resuspended in growth medium and seeded in 

145cm2 plates at 1k cells/cm2. Growth medium was changed every two or three days 

until cells reached 80% confluence, which occurred approximately after seven days. 

Cells were then collected by digestion with trypsin-EDTA for 3 minutes at 37°C and the 

reaction was blocked by adding growth medium. Cells were washed with 1X PBS and 

counted. For cell counting, 5 µl of cells were stained with 5µl of trypan blue, added to a 

Neubauer chamber, and counted in a phase-contrast microscopy. 

For adipocyte differentiation, SGBS cells were used from passage 4 to 10 to ensure a 

proper differentiation. SGBS pre-adipocytes were seeded near confluence (25,000 cells 

per cm2) in 6- or 12-well plates. Growth medium is composed by DMEM/F12 

supplemented with 10% FBS, 33 µmol/l biotin, 17 µmol/l pantothenate, 100 mU/ml 

penicillin/100 µg/ml streptomycin, and 100µg/ml of the antimycotic Normocin. Pre-

adipocytes were grown in a humidified 37°C incubator with 5% CO2, and maintained 

until reaching confluence, usually in three days. At confluence (day 0), cells were 

repeatedly washed with warm 1X PBS and differentiated for four days in serum-free, 

basal medium supplemented with 33 µmol/l biotin, 17 µmol/l pantothenate, 1 nmol/l 

insulin, 200 pmol/l triiodothyronine, 0.1 µmol/l cortisol, 0.01 mg/ml transferrin, 0.5 

mmol/l IBMX, 2 µmol/l rosiglitazone, 25 nmol/l dexamethasone, and 100 mU/ml 

penicillin/100 µg/ml streptomycin. At day 4, the differentiation medium is replaced by 

the maintenance medium (differentiation medium without IBMX, dexamethasone and 

rosiglitazone) and cultured for at least one week. The medium was changed every three 

days. To analyse the role of lipins in adipogenesis, cells were analysed at days 4 and 10 

of differentiation. Instead, the analysis of the role of lipins in mature adipocytes was 

performed at days 14 and 16 of differentiation, unless otherwise stated. 

Cells rested in basal medium (DMEM/F12 with 100 mU/ml penicillin/100 µg/ml 

streptomycin) previously to treatments with any stimuli. For long-term experiments, 
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cells rested for 24 hours and, subsequently, treated for 4 to 24 hours. For short-term 

experiments, cells rested for two hours, and were stimulated for 30 minutes to four 

hours. In experiments with inhibitors, these were added one hour before stimulation, 

and maintained during the incubation with the stimuli. In experiments where different 

glucose concentrations were tested, basal medium was prepared by mixing 1:1 DMEM 

without glucose and F12 medium, and glucose or mannitol were added to achieve a 

final concentration of 25 mmol/l. SGBS adipocytes were pre-incubated overnight in 

these medium before treatment with the stimulus for 16 hours. 

The stock solutions of the different stimuli were prepared according to the 

manufacture´s specifications by dissolving each in distilled water (20 mmol/l forskolin, 

20 mmol/l CTP-cAMP, 100 mmol/l isoproterenol, 33.8 mmol/l propranolol, 15 mmol/l 

H89), DMSO (30 mmol/l etomoxir, 4.8 mmol/l triacsin C, 390 mmol/l palmitic acid, 

176 mmol/l stearic acid), ethanol (1.6 mol/l oleic acid, 1.74 mol/l palmitoleic acid), or 

1X PBS (200 mg/ml fatty acid-free BSA).  

All stock solutions were stored at -20ºC and thawed in ice before use. The final 

concentrations of the stimuli were prepared by dissolving the stock solution in basal 

medium, or basal medium with the corresponding concentration of fatty acid-free BSA. 

The final concentrations of the stimuli were prepared by dissolving in basal media: 0.5 

µmol/l forskolin, 40 µmol/l 8-(4-chlorophenylthio) adenosine 3',5'-cyclic 

monophosphate (8-CPT-cAMP), 2% fatty acid-free BSA, 20 µmol/l H89, 50 µmol/l 

etomoxir, 5µmol/l triacsin C, 10 and 100 nmol/l insulin, 50 μmol/l propranolol, 300	

μmol/l	 to	2 mmol/l oleic acid, 300	μmol/l palmitic acid, 300	μmol/l palmitoleic acid, 

and 300	μmol/l stearic acid.  

 

2.3. GENE SILENCING AND OVEREXPRESSION  

2.3.1. GENE SILENCING 

Transfections of SGBS cells with siRNA oligonucleotides were carried out according to 

the standard protocols supplied with LipofectamineTM RNAiMAX transfection reagent 

from Invitrogen (Thermo Fisher Scientific). The siRNA oligonucleotides were 

purchased from Ambion (Thermo Fisher Scientific) and Dharmacon (Lafayette, CO, 
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USA), as indicated in Table 2.1. Opti-MEM reduced serum medium (Gibco, Thermo 

Fisher Scientific) was used for preparing the siRNA-lipid complexes. 

 

siRNA Oligonucleotides 
Symbol Company Reference 
Silencer(R) Select Pre-designed siRNA 
LPIN1 Ambion S23205, S23206 
LPIN2 Ambion S18590, S18591 
LPIN3 Ambion S35072, S35073 
Non-targeting control Ambion No. 1 
On-Target Plus siRNA 
LPIN1 Dharmacon J-017427-09, -11 
LPIN2 Dharmacon J-013458-09, -11 
LPIN3 Dharmacon J-032702-07, -08 
Non-targeting control Dharmacon D-001810-01 
PLIN1  Dharmacon J-019595-09, -11 

TABLE 2.1 List of commercial siRNA oligonucleotides 

The siRNA oligonucleotides were resuspended in RNase-free H2O to obtain a 100 

µmol/l stock solution. The concentration was verified by quantifying in a 

spectrophotometer and working aliquots were prepared by adding 5X siRNA buffer to 

obtain a final concentration of 40µM siRNA in 1X siRNA buffer (60 mmol/l KCl, 6 

mmol/l 50 mmol/l 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 

7.5, and 0.2 mmol/l MgCl2). 

Pre-adipocyte knockdowns were performed as a two-shots transfection of a mix of two 

siRNA duplexes per gene (12.5 nmol/l of each duplex): reverse transfection at the start 

of the experiment, the same day the cells were seeded, and forward transfection the day 

before confluence, day -1. The non-targeting control concentration depended on total 

siRNA amount of single (25 nmol/l), double (50 nmol/l), and triple (75 nmol/l) 

knockdowns. The first shot was performed with 5 µl of RNAiMAX lipofectamine per 

well of 6-well plates, whereas the second shot used 2.5 µl of the transfection reagent. 

The siRNA-lipid complexes were prepared in Opti-MEM medium (Gibco, Thermo 

Fisher Scientific Inc.) in eppendorf tubes, incubated for 15 minutes and added dropwise 

into the wells. 

Adipocyte knockdowns were usually carried out by forward transfections at days 10 and 

12 of differentiation, and by using the same concentrations as for pre-adipocytes. 

Nevertheless, the addition of the stimulus on these experiments required a previous 
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wash of cells to remove the remaining serum from the Opti-MEM medium, which 

interferes with the stimuli. To this end, on day 13, cells were washed with 1X PBS and 

cultured in maintenance medium, which was changed again on day 14. Usually, cells 

were stimulated on day 16 of differentiation. For perilipin depletion, cells were washed 

on day 13, and cultured in basal medium for 2 or 3 days. 

For immunofluorescence experiments, the knockdowns were performed earlier in order 

to observe adipocytes not completely filled with lipid droplets. Therefore, transfections 

were performed on days 4 and 6 of differentiation. The following day, cells were 

washed with 1X PBS and maintenance medium was added, which was refreshed the 

next day. The stimulation and immunostaining was performed at day 10 of 

differentiation. 

 

2.3.2. GENE OVEREXPRESSION  

Plasmid transfections were performed with Lipofectamine® 3000 Transfection Reagent 

according to the manufacturer´s instructions (Invitrogen, Thermo Fisher Scientific Inc.). 

Plasmids for green fluorescent protein (GFP)-tagged lipins were gifts from Dr. Symeon 

Siniossoglou (Cambridge Institute for Medical Research, University of Cambridge). 

Lipins were subcloned into pEGFP-N3 plasmids as described in Grimsey, 2008. 

To perform the transfection, 2.5 µg of plasmid DNA was diluted in 125 µl Opti-MEM 

medium and 5 µl of P3000™ reagent were added. Besides, 5 µl of Lipofectamine® 3000 

were diluted in 125µl of Opti-MEM. DNA and lipofectamine were mixed (ratio 1:1) and 

incubated for five minutes at room temperature. The mix was added dropwise to day 2 

adipocytes. After rocking the plate, cells were incubated for 48 hours at 37ºC before 

analysis.  

 

2.4. QUANTIFICATION OF EXPRESSION LEVELS  

2.4.1. GENE EXPRESSION QUANTIFICATION  

Total RNA from SGBS cells was extracted either with the RNeasy Tissue Mini Kit 

(QIAGEN, Germantown, MD, USA), or with the NucleoSpin RNA/Protein Kit 

(Macherey-Nagel, Düren, Germany). 
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Total RNA was treated with 55 U RNase-free DNase (QIAGEN), according to the 

manufacturer’s instructions. One µg of total RNA was transcribed to complementary 

DNA (cDNA) by using a High-Capacity cDNA Reverse Transcription Kit with RNase 

Inhibitor (Applied Biosystems, Thermo Fisher Scientific) in a final volume of 40 µl.  

About 10 ng of cDNA per gene were used in real time PCR quantification analysis, 

which was performed with duplicates on a 7900HT Fast Real-Time PCR System using 

Taqman Assays (Applied Biosystems, Table 2.2). Taqman assays are hydrolysis probes 

with a quencher and a fluorophore in each extreme. They bind to specific regions of 

genes. When the Taq polymerase replicates the DNA regions, the assay is degraded by 

its 5´ to 3´exonuclease activity and releases the fluorophore. Fluorescence is detected 

and analysed with the SDS software 2.3 and RQ Manager 1.2 (Applied Biosystems). 

Results are expressed relative to cyclophilin A (PPIA) expression levels and were 

analysed with the comparative Ct method (2-ΔΔCt).  

 

Taqman Assays 
Symbol Gene ID 
ACACA acetyl-CoA carboxylase alpha Hs01046047_m1 
ACSL1 acyl-CoA synthetase long-chain family member 1 Hs00960561_m1 
ACSL3 acyl-CoA synthetase long-chain family member 3 Hs00244853_m1 
ACSL5 acyl-CoA synthetase long-chain family member 5 Hs00212106_m1 
AGPAT1 1-acylglycerol-3-phosphate O-acyltransferase 1 Hs00965850_g1 
AGPAT2 1-acylglycerol-3-phosphate O-acyltransferase 2 Hs00944961_m1 
AGPAT3 1-acylglycerol-3-phosphate O-acyltransferase 3 Hs00987571_m1 
AGPAT4 1-acylglycerol-3-phosphate O-acyltransferase 4 Hs01088853_m1 
AGPAT5 1-acylglycerol-3-phosphate O-acyltransferase 5 Hs00218010_m1 
CD36 CD36 molecule Hs00169627_m1 
CDS1 CDP-diacylglycerol synthase 1 Hs00181633_m1 
CDS2 CDP-diacylglycerol synthase 2 Hs00300881_m1 
CEBPA CCAAT/enhancer binding protein (C/EBP), alpha Hs00269972_s1 
CEBPB CCAAT/enhancer binding protein (C/EBP), beta Hs00270923_s1 
CEBPD CCAAT/enhancer binding protein (C/EBP), delta Hs00270931_s1 
CPT1A carnitine palmitoyltransferase 1A Hs00912671_m1 
CPT2 carnitine palmitoyltransferase 2 Hs00988962_m1 
DGAT1 diacylglycerol acyltransferase 1 Hs00201385_m1 
DGAT2 diacylglycerol acyltransferase 2 Hs00261438_m1 
DGKA diacylglycerol kinase alpha Hs01548908_g1 
DGKD diacylglycerol kinase delta Hs01114141_m1 
DGKH diacylglycerol kinase eta Hs00410739_m1 
GK Glycerol kinase Hs04235340_s1 
GPAT3 glycerol-3-phosphate acyltransferase 3 Hs00262010_m1 
GRP78 glucose-regulated protein 78; heat shock 70 kDa 

protein 5 (HSP5); BIP 
Hs00607129_gH 

GRP94 glucose-regulated protein 94; heat shock protein 90 Hs00427665_g1 
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beta family member 1 (HSP90B1) 
IL6 interleukin 6 Hs00985639_m1 
ISYNA1 inositol-3-phosphate synthase 1 Hs01126940_gH 
LIPE Hormone sensitive lipase Hs00193510_m1 
LPIN1 lipin 1 Hs00299515_m1 
LPIN2 lipin 2 Hs00206237_m1 
LPIN3 lipin 3 Hs01040129_m1 
LPP1 phosphatidate phosphatase type 2A Hs00170356_m1 
LPP2 phosphatidate phosphatase type 2C Hs00186575_m1 
LPP3 phosphatidate phosphatase type 2B Hs00170359_m1 
MOGAT1 monoacylglycerol O-acyltransferase 1 Hs00369695_m1 
MOGAT2 monoacylglycerol O-acyltransferase 2 Hs00228268_m1 
MOGAT3 monoacylglycerol O-acyltransferase 3 Hs00698325_m1 
PCYT1A phosphate cytidylyltransferase 1, choline, alpha Hs00192339_m1 
PCYT2 phosphate cytidylyltransferase 2, ethanolamine Hs00161098_m1 
PDE4B phosphodiesterase 4B Hs00963643_m1 
PEMT phosphatidylethanolamine N-methyltransferase Hs00540979_m1 
PCK1 phosphoenolpyruvate carboxykinase 1 Hs00159918_m1 
PISD phosphatidylserine decarboxylase Hs00948714_m1 
PLD1 phospholipase D family member 1 Hs00160118_m1 
PLD2 phospholipase D family member 2 Hs00160163_m1 
PLD6 phospholipase D family member 6 Hs00381651_m1 
PPARA peroxisome proliferator-activated receptor alpha Hs00231882_m1 
PPARGC1A PPARgamma coactivator 1 alpha Hs01016719_m1 
PPARGC1B PPARgamma coactivator 1 beta Hs00991677_m1 
PPARG peroxisome proliferator-activated receptor gamma Hs00234592_m1 
PPIA cyclophilin 1A Hs99999904_m1 
PTDSS1 phosphatidylserine synthase 1 Hs00207371_m1 
SREBF1 sterol regulatory element binding transcription factor 1 Hs01088691_m1 
UCP1 uncoupling protein 1 Hs00222453_m1 

TABLE 2.2 List of hydrolysis probes 

 

2.4.2. PROTEIN EXPRESSION QUANTIFICATION 

2.4.2.1. TOTAL CELL LYSATES 

For total protein extraction, cells were washed with 1ml of cold 1X PBS and collected 

by scrapping in 75 or 100 μl of ice-cold lysis buffer HEPES pH 7.4, 150 mmol/l NaCl, 

4 mmol/l MgCl2, 1% Triton X-100, 100 µmol/l 4-(2-aminoethyl) benzenesulfonyl 

fluoride (AEBSF) and protease inhibitors) per well of 12-well plate or 6-well plate, 

respectively. All of the steps were performed at 4°C. Lysates were homogenised by 

passing through a 25G needle 10 times, incubated in ice for 30 min with occasional 

vortex mixing, and centrifuged at 16,000 x g. The supernatant was extracted avoiding 

the pellet and the upper layer of fat.  
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When the NucleoSpin RNA/Protein Kit (Macherey-Nagel) was used, the instructions 

provided by the manufacturer were followed except that the protein precipitate was 

resuspended with 100 μl of the ice-cold lysis buffer described above.  

The resulting protein was quantified by using the bicinchoninic acid or BCA assay 

following the instructions provided by the manufacturer (Pierce, Rockford, IL, USA), 

and the absorbance measured in a microplate reader at 540 nm. The calibration curve 

was performed with dilutions of BSA. 

 

2.4.2.2. SUBCELLULAR FRACTIONATION 

For cell fractionation, cells were processed as described previously [403] with some 

modifications. The whole process was performed in ice and centrifugations were 

performed at 16,000 x g and 4˚C. Mainly, SGBS cells were grown and differentiated in 

two wells from 6-well plates per condition, washed with PBS, scrapped in 75 µl of 

buffer A (10 mmol/l Tris-HCl pH 7.4, 0.2 mmol/l AEBSF, 1.5 mmol/l MgCl2, 10 

mmol/l NaCl and 0.5 mmol/l dithiothreitol (DTT)). Lysed cells were incubated in ice 

for 15 minutes, vortex mixed, and centrifuged for 10 seconds. The supernatant was kept 

as the cytosolic fraction and the pellet was resuspended in 75µL of buffer B (20 mmol/l 

Tris-HCl pH 7.4, 25% glycerol, 0.2 mmol/l AEBSF, 1.5 mmol/l MgCl2, 420 mmol/l 

NaCl, 0.5 mmol/l DTT and 0.2 mmol/l EDTA). The lysate was incubated in ice for 20 

minutes and centrifuged for 2 minutes. The supernatant was kept as the nuclear fraction 

and the pellet was resuspended in 75 µl of buffer A as membrane bound proteins. The 

proteins were quantified as described previously for total lysates. 

 

2.4.2.3. WESTERN BLOT ANALYSIS 

Cell lysates were analysed by Western blot. 10 µg of total protein per lane were 

resolved by electrophoresis in sodium dodecyl sulphate- polyacrylamide gel 

electrophoresis (SDS-PAGE). The denaturing and reducing conditions allow the 

separation of proteins according to their size. Gels with different concentrations of 

acrylamide:bis-acrilamide 37,5:1 (Thermo Fisher Scientific) were used depending of the 

size of the protein (from 8 to 12%). Besides, a protein ladder with standard proteins of 

different sizes (PageRuler Unstained Broad Range Protein Ladder, Thermo Fisher 

Scientific) was loaded in every gel. For sample preparation, 10µg of protein were mixed 
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with loading buffer (80 mmol/l Tris, 4% SDS, 10% glycerol, 0.05% bromophenol blue, 

0.1 mol/l DTT), boiled at 98ºC during five minute, and left temperate at room 

temperature before loading. The samples were run at 125 mV for approximately 1 hour 

in running buffer (50 mmol/l tris base, 0.38 mol/l glycine, 0.1% SDS). After the 

electrophoresis, proteins were transferred into nitrocellulose membranes (Whatman), 

using a Mini Trans-Blot electrophoretic transfer cell from Bio-Rad (Hercules, CA, 

USA) at 350 mA for 50 minutes in blotting buffer (25 mmol/l tris base, 160 mmol/l 

glycine, 0.1% SDS and 20% methanol). Membranes were then blocked in either 5% 

non-fat dry milk in PBS containing 0.01% Tween 20 or following manufacturer´s 

recommendations, for one hour at room temperature, and incubated with the primary 

antibody overnight at 4°C. Next, membranes were washed three times in blocking 

solution before incubation with the secondary antibody for one hour. Afterwards, 

membranes were washed thrice with washing solution (20% Tween 20 in 1X PBS). 

Western blots were developed with Super-Signal West Femto Maximum Sensitivity 

Substrate (Pierce, Rockford, IL, USA) for five minutes and images were captured with 

the Molecular Imager Versadoc (Bio-Rad). Images were quantified by using ImageJ 

v.1.48 (Wayne Rasband, National Institutes of Health, USA). Actin, GAPDH and 

tubulin protein levels were used for normalisation. 

Lipin antibodies were produced at Dr. Symeon Siniossoglou´s group (Cambridge 

Institute for Medical Research, University of Cambridge) as described in Sembongi, 

2013 and Grimsey, 2008. Commercial antibodies were supplied by Sigma-Aldrich, 

Abcam (Cambridge, MA), Santa Cruz Biotechnology (Santa Cruz, CA), Cell Signaling, 
Technologies (Danvers, MA.) and Jackson Immunoresearch (West Grove, PA), as 

shown in the table below. 

 

Symbol Company Reference Dilution 
Actin Sigma-Aldrich A2228 1/5000 
Akt (Ser473) Cell Signaling 4060P 1/1000 
Calnexin Abcam ab22595 1/16000 
GAPDH Santa Cruz Biotechnology sc-32233 1/400 
HSL Cell signaling 4107S 1/2000 
HSL(Ser563) Cell signaling 4139S 1/1000 
mTOR (Ser2448) Cell Signaling 5536S 1/1000 
p70 S6 Kinase 
(Thr389)  

Cell Signaling 9234S 1/1000 
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Perilipin-1 Cell Signaling 9349 1/15000 
PPARγ Cell Signaling 2443 1/1000 
SREBP1c Santa Cruz Biotechnology sc-8984 1/1000 
Tubulin Sigma-Aldrich T6557 1/3000 
HRP-conjugated secondary antibodies against  
goat Sigma-Aldrich A8919 1/4000 
mouse Jackson Immunoresearch 115-035-008 1/7000 

TABLE 2.3 List of commercial antibodies 

 

2.5. ENZYME ASSAY 

Adipocytes cultured in 6-well plates were collected at day 4 and 10 of differentiation. 

Lysates were prepared by collecting cells in 100 µl of lysis buffer (50 mmol/l Tris-HCl 

pH 7.5, 0.25 mol/l sucrose, 10 mmol/l 2-mercaptoethanol and protease inhibitors), 

stored at -80ºC, and subsequently shipped in dry ice to George Carman’s group (Rutgers 

University), where the assays were performed. The samples were then subjected to 

centrifugation at 1,000 x g for 10 min at 4ºC to remove cell debris. Protein 

concentration was determined by the method of Bradford [404], using bovine serum 

albumin as the reference protein. The radioactive substrate [32P] phosphatidate was 

enzymatically synthesized from 1,2-dioleoyl-sn-glycerol and [γ-32P]ATP with 

Escherichia coli diacylglycerol kinase [405, 406]. PAP activity was measured with cell 

extracts at 37°C for 20 minutes in a total volume of 100 µl containing 50 mmol/l Tris-

HCl (pH 7.5), 0.5 mmol/l MgCl2, 10 mmol/l 2-mercaptoethanol, 0.2 mmol/l [32P] 

phosphatidate (5,000 cpm/nmol), and 2 mM Triton X-100 [273]. The Mg2+-independent 

PAP (LPPs) activity was measured in the same reaction mixture except that 2 mM 

EDTA was substituted for 0.5 mmol/l MgCl2. The Mg2+-dependent PAP (PAP1) 

activity was determined by subtraction of LPPs activity from PAP activity. A unit of 

PAP activity was defined as the amount of enzyme that catalysed the formation of 1 

nmol of product per minute. Specific activity was expressed as units/mg protein.    

 

2.6. NEUTRAL LIPID ACCUMULATION AND METABOLISM  

2.6.1. OIL RED O STAINING 

At day 7 and 10 after the induction of adipogenesis, SGBS adipocytes grown in 6-well 

plates were stained with Oil Red O as previously described by Zou et al. [407] except 
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some modifications. First, the number of living cells was determined by using the 

CellTiter 96® Aqueous One Solution Cell Proliferation Assay (Promega, WI, United 

States), according to the manufacturer’s protocol. 100µL of CellTiter 96 was added into 

each well (6-well plates) containing 1.5 ml of maintenance medium and incubated for 

40 minutes at 37ºC. The spectrophotometric absorbance of each sample was measured 

at 490 nm.  

Subsequently, adherent cells were washed with 1X PBS, fixed with formalin for 15 min, 

washed thrice with H2O and stained with the dye (3 mg/ml prepared in H2O from a 

0.5% stock in isopropanol) for 30 minutes. After the staining, cells were rinsed five 

times with water, and let air dry for five minutes. Pictures of the stained adipocytes 

were taken during the third wash with a camera adapted to a phase contrast microscopy. 

For the quantification of the staining, the dye was extracted by adding 0.9ml of 

isopropanol per well and shaking the plates for five minutes. All steps were performed 

at room temperature. Optical density was read at 510 nm by using a microplate reader. 

Cell number was used for normalising the results. 

 

2.6.2. TRIACYLGLYCEROL QUANTIFICACION 

At day 10 after of differentiation, 6-well plates containing SGBS cells were washed 

with PBS, lysed in 100 µL of 5% Triton X-100 in PBS, transferred into 1.5 ml tubes, 

frozen in dry ice and kept at -80°C. Lysates were heated at 95°C, vortex short mixing 

and incubated at 95°C during 10 minutes. Subsequently, they were vortex mixed and 

incubated at 95°C during five minutes. The samples were allowed to reach room 

temperature and centrifuged at 16,000 x g for five minutes. Supernatants were used for 

TAG analysis by using a Serum Triglyceride Determination kit (Sigma, TR0100), and a 

5 µl aliquot was used for protein quantification with BCA (as described in 2.4.2.1) to 

normalise TAG concentration. The Serum Triglyceride Determination protocol involves 

enzymatic hydrolysis of TAGs by lipoprotein lipase into glycerol and free fatty acids. 

Glycerol released is then measured by coupled enzyme reactions. Therefore, a previous 

quantification of glycerol (see 2.6.3) is needed to assess the real concentration of TAGs. 

First, 4 µl of supernatants (samples), blank and standards (std) were mixed with 400 µl 

glycerol reagent (dilution 1:100), incubated for five minutes at 37ºC and the initial 

absorbance (IAb) was read at 540 nm per duplicate. Second, the samples were incubated 

with the TAG working reagent, which degrades TAGs into glycerol, incubated again for 
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five minutes at 37ºC and the final absorbance (FAb) was read at 540 nm. The true TAG 

concentration was calculated as indicated below, where F = 0,81/1,01 = 0,80. 

True TAG concentration = !"# !"#$%& −  (!"# !"#$%& ! !)
(!"# !"# −  (!"# !"#$% ! !)) ! !"#$%#&'(&)"# !"# 

 

2.6.3. QUANTIFICATION OF RELEASED GLYCEROL 

The extracellular medium was collected, immediately frozen in dry ice and stored at -

80ºC. For quantification of free glycerol, samples were thawed in ice and the Free 

Glycerol Determination kit (Sigma, FG0100) was used. 50 μl of the samples and a 

standard curve prepared with glycerol were mixed with the Glycerol Reagent (dilution 

1:8), incubated for five minutes at 37ºC and the spectrophotometric absorbance of each 

sample was measured at 450 nm per duplicate in a microplate reader. The protein 

content of adherent cells was quantified and used as calibrator. 

 

2.6.4. QUANTIFICATION OF RELEASED FATTY ACIDS 

The extracellular medium was collected, immediately frozen in dry ice, and stored at -

80ºC. The Free Fatty Acid Quantification Kit (Sigma, MAK044) was used to 

determinate the fatty acid released to the extracellular medium. 50µL of samples and 

fatty acid standards were added in a 96-well plate, mixed with 2 μl of the acyl-CoA 

synthetase provided by the manufacturer, and incubated for 30 minutes at 37ºC. 

Afterwards, the samples were incubated again with the master reaction mix for 30 

minutes at 37ºC protected from light and the absorbance was read at 450nm. The 

protein content of adherent cells was quantified and used as calibrator. 

 

2.6.5. NEUTRAL LIPID METABOLISM 

Fatty acid and glucose incorporation analysis were performed by Dr. Antonio Zorzano´s 

group (IRB, Barcelona). SGBS cells were grown and differentiated in 12-well plates 

and analysed at days 4 and 10 of differentiation in triplicate. Fatty acid and glucose 

incorporation into TAGs was measured by incubating adipocytes for 16 hours at 37°C 

in serum-free medium containing 0.5 mmol/l palmitate and 1 µCi/ml [1-14C] palmitate 

bound to 1% BSA or 5 mmol/l glucose and 1 µCi/ml [1-14C] glucose. Cells were then 

washed in PBS and lipids were extracted and separated by TLC to measure the 
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incorporation of labelled fatty acid into TAGs, as previously described (Sebastián, 

2009). Data are expressed as arbitrary units (AU) normalised by protein content. For 

FAO analysis, adipocytes were washed in Krebs-Ringer bicarbonate-HEPES (KRBH) 

0.1% BSA, pre-incubated at 37ºC for 30 minutes in KRBH 1% BSA, and washed again 

in KRBH 0.1% BSA. Cells were then incubated for 4 h at 37ºC with fresh KRBH 

containing 5 mmol/l glucose and 0.5 mmol/l carnitine plus 0.25 mmol/l palmitate and 1 

µCi/ml [1-14C]palmitate bound to 1% BSA. Palmitate oxidation to CO2 measurements 

were performed as previously described [408], and expressed as nmol of CO2/h/mg of 

protein. 

 

2.7. METABOLOMIC ANALYSIS  

2.7.1. SAMPLE COLLECTION 

SGBS cells were grown in 6-well plates, transfected with siRNA as explained above, 

and differentiated to day 4 or 10. Three wells from a 6-well plate were used per 

condition, and cells were washed with 1X PBS and collected by scrapping with 355 µl 

of methanol. Collected cells were sonicated, and an aliquot of 40 µl was used for protein 

quantification. For this, 4 µl of 10X lysis buffer (2.4.2.1) was added and 5 µl were used 

to quantify protein content. The remaining volume was frozen and kept at -80ºC until 

the analysis, which was performed in the Centre for Omic Sciences (Rovira i Virgili 

University) by Oscar Yanes’ group. Four (day 4 of differentiation) and six (day 10 of 

differentiation) replicas were performed.  

 

2.7.2. LIPID EXTRACTION METHOD 

Lipids were extracted from lyophilized samples by adding 570 µl of a cold mixture of 

dichloromethane/methanol (2:1 v/v). The resulting suspension was vortex mixed and 

bath-sonicated for 5 min. We subsequently added 120 µl of cold water, vortex samples 

again and organic and aqueous layers were allowed to equilibrate for 10 minutes at 

room temperature. Cell lysates were centrifuged (15,000 rpm, 15 minutes at 4ºC), and 

the organic phase (lipids) was collected and dried under a stream of nitrogen. Lipid 

pellets were resuspended in 300 µl of acetonitrile/isopropanol/water (65:30:5 v/v) for 

LC-MS analysis. 100 µl of culture medium was lyophilized and subsequently 

resuspended in dichloromethane/methanol (2:1 v/v) following the same procedure as 
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that used for cells, with the exception that lipid pellets were resuspended in 200 µl 

(acetonitrile: isopropanol: water (65:30:5 v/v). 

 

2.7.3. LC/MS ANALYSIS 

Untargeted LC/MS analyses were performed by using an ultra-high performance liquid 

chromatography (UHPLC) system (1200 series, Agilent Technologies) coupled to a 

6550 ESI-QTOF MS (Agilent Technologies) operating in positive (ESI+) or negative 

(ESI–) electrospray ionization mode. Lipids were separated by reverse phase 

chromatography with an Acquity ultra performance liquid chromatograph (UPLC) C8 

column (150 x 2.1 mm, 1.8 µm). Mobile phase A = water/acetonitrile (60:40) (10 

mmol/l ammonium formate and 0.1% formic acid) and B = isopropanol/acetonitrile 

(95:5) (10 mmol/l ammonium formate, 0.1% formic acid and 0.1% H2O). Solvent 

modifiers, such as 0.1% formic acid and 10 mmol/l ammonium formate, were used to 

enhance ionization, as well as to improve the LC resolution in both positive and 

negative ionization modes. The elution gradient started at 32% B (time 0–1 min), 

increased to 60% of B (time 1–4 min) and increased again to 100% B over 11 min (time 

4–15 min). The injection volume was 2 µl for cell lipids and 5 µl for medium lipids. ESI 

conditions: gas temperature, 150ºC; drying gas, 13 l/min; nebulizer, 35 psig; 

fragmentor, 150 V; and skimmer, 65 V. The instrument was set to work over the m/z 

range 50–1200 with an acquisition rate of 3 spectra/sec. For compound identification, 

MS/MS analyses were performed in targeted mode, and the instrument set to acquire 

spectra over the m/z range 50–1000, with a default iso width (the width at half-

maximum of the quadrupole mass bandpass used during MS/MS precursor isolation) of 

4 m/z. The collision energy was fixed at 20 V. 

 

2.7.4. LIPIDOMIC DATA ANALYSIS 

LC/MS (ESI+ and ESI− mode) data were processed using the XCMS [409] software to 

detect and align mzRT features. A feature is defined as a molecular entity with a unique 

m/z and a specific retention time. XCMS analysis of these data provided a matrix 

containing the retention time, m/z value, and integrated peak area of each feature for 

each sample of cells and culture medium. We constrained the initial number of features 

by means of the following criteria: only features above an intensity threshold of 3,400 
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counts were retained for further statistical analysis. Quality control samples (QCs) 

consisting of pooled cells from each condition were injected at the beginning and 

periodically every four samples. The performance of the LC/MS platform for each 

mzRT feature detected in the cell culture samples was assessed by calculating the 

relative standard deviation of these features on pooled samples (CVQC), following 

Vinaixa et al. [410]. Next, the intensities of the mzRT features were compared using a 

One-way ANOVA for each differentiation day separately, correcting for multiple 

testing using Tukey's ‘Honest Significant Difference’ method. Differentially regulated 

lipids (p value<0.05 and fold>2) were retained for further tandem MS characterization. 

Lipid structures were identified by matching tandem MS spectra against reference 

standards in HMDB [411], LIPIDMAPS [412] or LipidBlast [413] databases, or using 

CFM-ID [414]. 

 

2.8.  IMMUNOFLUORESCENCE MICROSCOPY  

2.8.1. IMMUNOFLUORESCENCE REAGENTS 

Secondary antibody Alexa 488 (Invitrogen, A11008) from Thermo Fisher was used. 

The dilutions used were 1:1000 for anti lipin-1 and secondary antibodies, and 1:500 for 

anti perilipin-1 antibody. 

The molecular probes BODIPY 558/568 C12 and Hoechst 33258, and ProLong Gold 

Antifade mounting medium were purchased from Molecular probes (Thermo Fisher 

Scientific). 

 

2.8.2. NEUTRAL LIPID METABOLISM IN LIPIN-SILENCED 
SGBS CELLS 

To investigate the incorporation of fatty acids into LDs in lipin-1-depleted cells, SGBS 

pre-adipocytes were grown over coverslips in 12-well plates, and the knockdown and 

differentiation were performed as stated. At day 10 of differentiation, cells were 

incubated for 5 minutes with 10 nmol/l insulin and 1 µmol/l BODIPY 558/568 C12 in 

maintenance medium. After the incubation, cells were washed thrice in 1X PBS, fixed 

in 4% paraformaldehyde in 1X PBS for 15 minutes, permeabilised in 0.5% saponin for 

10 minutes, washed thrice in 1X PBS, and blocked one hour in blocking solution (3% 

BSA and 0.3 mol/l glycine). Cells were incubated overnight at 4ºC with primary 
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antibodies diluted in blocking solution, washed three times in 1% BSA, and incubated 

with secondary antibody (Alexa 488, 1:1000) for one hour at room temperature. After 

three washes with 1% BSA and one with H2O, the coverslips were mounted with 

Hoechst 33258 diluted in ProLong Gold Antifade reagent (5µl Hoechst in 1 ml of 

ProLong). The coverslips were sealed with nail polish to prevent drying and movement 

under microscope and stored at 4ºC protected from light until imaging. Images were 

visualised by a Nikon TE2000-E microscope (Nikon Instruments, Amsterdam, 

Netherlands) with a NIS-Elements Viewer (Nikon) and 40x lens. Photographs were 

taken, and images processed by using Image J (NIH, National Institute of health) 

software.  

 

2.8.3. TAG/FATTY ACIDS CYCLE IN LIPIN-SILENCED SGBS 
ADIPOCYTES IN INDUCED LIPOLYSIS 

For the lipolytic experiments, cells were grown and differentiated as described. 

Transfection of siRNA was performed at day 4 and 6 of differentiation. At day 7 of 

differentiation, cells were washed and changed to maintenance medium, which was 

refreshed the next day. At day 9, cells were incubated overnight with 1 µmol/l of 

BODIPY 558/568 C12 in maintenance medium to stain LDs. After the incubation, cells 

were changed to basal medium for two hours, and the lipolytic stimulus (0.5 µmol/l 

forskolin) was added in the same medium. Afterwards, cells were washed thrice and 

fixed, permeabilised and immunostained with perilipin-1 or lipin-1 antibody as 

described previously. Samples were imaged with 40X and 60X lens, and the images 

analysed by using Image J (NIH, National Institute of health) software.  

 

2.9.  STATISTICAL ANALYSIS  

Unless otherwise stated, all data is shown as mean ± standard deviation (SD). Statistical 

analysis was performed by using the Statistical Package for the Social Sciences 

software version 15 (SPSS, Chicago, IL). Statistical differences were analysed with 

Wilcoxon paired test for adipose tissue samples, and General Lineal Model Repeated 

measures, Student t test, Kruskal-Wallis and Mann-Whitney tests for the in vitro 

experiments. Statistical significance occurred if a computed two-tailed probability value 

was <0.05.  
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3. CHAPTER 3: THE LIPIN FAMILY IN HUMAN 
ADIPOGENESIS 

3.1. INTRODUCTION 

3.1.1. LIPINS PLAY A ROLE IN ADIPOGENESIS 

Lipin expression profiles change during differentiation. Lpin1 and Lpin2 show a 

reciprocal regulation and expression pattern in 3T3-L1 mouse cells: Lpin1 expression is 

increased with differentiation, whereas Lpin2 transcript levels are decreased [262, 263, 

287]. On the other hand, Lpin3 expression seems to follow a similar pattern to Lpin1, 

with increased levels along adipogenesis [263]. In human primary adipogenesis, LPIN1 

and LPIN3 transcript levels are also increased, but LPIN2 expression is maintained 

during the differentiation process [263]. The different temporal expression patterns may 

indicate that lipins play different functions at different stages of the adipogenic process. 

Based on these criteria, it has been reported that lipin-2 may have a role in mouse pre-

adipocytes, while lipin-1 and lipin-3 may play a role in adipocytes [262, 263, 287]. 

Besides, mouse AT fractionation showed that lipin-1 is mostly localized in mature 

adipocytes, whereas lipin-2 is most prominent in the stromavascular cells [262]. 

Lipin-1 is the major member in mouse adipocytes. Lipin-1-deficient mice show 

lipodysthrophy and lipin-1 depletion in mouse and rat pre-adipocytes impairs the 

adipogenic program [259, 227, 332]. Besides, it holds the majority of the PAP1 activity 

in mouse adipose tissue and the increase in lipin-1 levels during differentiation is in line 

with the increase in total PAP activity [287]. Besides TAG accumulation, a distinct role 

has been attributed to lipin-1 at early stages of differentiation. As mentioned before, 

lipin PAP1 activity also controls the levels of the lipid mediators phosphatidate and 

DAG, and lipin control of phosphatidate levels determines the initiation of adipogenesis 

prior to TAG accumulation [319, 320]. Phosphatidate accumulation, which is increased 

in adipocytes lacking lipin-1, inactivates early stages differentiation, even in the 

presence of the other lipin members, likely by activating the MEK-ERK pathway [319, 

320]. 

As an enzyme with dual functions, lipin-1 also influences adipogenesis by acting as a 

transcriptional coactivator. In this regard, it amplifies the expression levels of two key 

adipogenic transcription factors, C/EBPα and PPARγ [332]. During differentiation, 

C/EBPα binds the Lpin1 promoter and induces its expression. Lipin-1 can bind and 
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activate PPARγ, reinforcing the positive feedback loop between these two transcription 

factors and maintaining their expression levels, which are essential for the adipogenic 

program and maintenance of the adipocyte functions [332]. Lipin-1α and lipin-1β have 

reported roles as transcriptional coactivators in mouse adipocytes [274]. Péterfy and 

coworkers [274] reported that lipin-1α seems to be involved in controlling mouse 

adipocyte differentiation by activating the expression of adipogenic genes (PPARγ, 

C/EBPα) in pre-adipocytes, whereas lipin-1β promotes lipogenesis in mature adipocytes 

by stimulating the expression of lipogenic genes such as ACACA, CDS1, PEPCK, and 

DAGT, and promoting TAG accumulation in LDs. In a later study, Koh et al. [332] 

reported that lipin-1β is also in charge of the terminal differentiation by inducing 

expression levels of PPARγ, C/EBPα and other adipogenic factors in mature adipocytes 

[332]. In conclusion, lipin-1 contributes to adipocyte differentiation at several levels 

and, due to that, lipin-1 expression is considered one of the main markers of mature 

adipocytes in mice [259]. 

Lipin-1 and lipin-2 were reported distinct roles in adipogenesis and LD biogenesis in 

mouse adipocytes [262, 287]. As mentioned above, lipin-1 depletion in 3T3-L1 pre-

adipocytes abolishes differentiation and LD accumulation. On the contrary, the 

reduction of lipin-2 levels in pre-adipocytes and subsequent induction of differentiation 

causes an increase in neutral lipid accumulation and induces the expression of 

adipogenic and lipogenic markers, likely due to increased lipin-1 levels [262]. However, 

the possibility of a negative role for lipin-2 in both adipogenesis and LD biosynthesis 

should be also considered [262]. Furthermore, another study has proposed that lipin-2 

has no participation in adipose tissue PAP activity [263]. 

Conversely, when lipin-1 is depleted after the initiation of the adipogenic program, 

adipocytes showed minor reduction in neutral lipid accumulation and accumulation of 

phosphatidate compared to control adipocytes [262]. Nevertheless, lipin-1-silenced 

adipocytes showed an increase in the number of smaller LDs. The LD fragmentation is 

reproduced by the double lipin-1 and lipin-2 knockdown, excluding the possibility of 

the involvement of lipin 2 in this effect [262]. Conversely, lipin-2 depletion increases 

LD volume per cell without affecting LD number or the transcriptional regulation of the 

adipocyte [262]. Consistent with these results, it has been reported that lipin-1 

expression regulates LDs size in human macrophages [266], and in other organisms 
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[265, 275]. All these results point to an important role of lipin-1 in LDs biogenesis and 

in adipocyte maintenance [262, 320]. 

Last, the studies about lipin-3 in adipocytes are scarce due to its low quantity and 

difficult detection [262]. However, lipin-3-deficient mice or Lipin-3-depleted 3T3-L1 

adipocytes showed that this lipin appears to cooperate with lipin 1 to obtain total PAP 

activity and adiposity [263]. Furthermore, they showed that lipin-3 expression levels are 

correlated with fat pad mass in several fat depots and with PPARγ expression [263]. 

 

3.1.2. LIPINS PLAY A ROLE IN LIPOGENESIS  

One of the unsolved questions about the regulation of lipins concerns insulin. Due to the 

important role attributed to lipin-1 in TAG synthesis in adipocytes [259], it is still 

unknown why insulin, a lipogenic hormone, promotes lipin-1 cytosolic localization, 

through binding with 14-3-3 cytosolic proteins, and decreases lipin interaction with 

phosphatidate in the ER membrane [259, 275]. Several studies showed that insulin-

induced lipin-1 phosphorylation and cytosolic localization controls distinct molecular 

functions, not only its role in glycerolipid synthesis. These functions may explain the 

unexpected effect of insulin. First, decreased microsomal lipin would encourage 

accumulation of phosphatidate in membranes, which is increased in response to insulin 

in AT [275, 415]. Second, as explained in the general introduction (section 1.5.5.2), the 

insulin-induced cytosolic localization of lipin-1 promotes the expression of lipogenic 

genes controlled by mTOR [335, 416]. Therefore, insulin decreases lipin-1 affinity for 

phosphatidate, but it also promotes the increase in fatty acid and membrane 

phosphatidate availability by inducing the influx of fatty acids released by LPL and 

promoting their esterification to form phosphatidate. As the concentration of 

phosphatidate increases at the ER, the inhibitory effect of insulin is overcome [279]. 

However, both functions seem to be regulated by different pathways, since rapamycin, 

an mTOR inhibitor, was shown to antagonise the insulin-induced nuclear-cytosol 

translocation of lipin-1, whereas had no significant effect on the cytosol-microsomal 

translocation [292]. 
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3.1.3. LIPINS REGULATE GLUCOSE HOMEOSTASIS 

Lipins also have a role in glucose homeostasis. Lpin1-deficient mouse are insulin 

resistant [259], and AT lipin-1 expression showed a positive association with insulin 

sensitivity in mice [417]. In mice liver, the expression of lipin-1 in obesity [321] and 

lipin-2 during ER stress [301] has been positively correlated with insulin resistance. The 

rise in PAP1 activity increases DAG levels and perturbs insulin signalling through the 

protein kinase C-ε (PKCε) activation [301, 321].  

 

3.1.4. THE THREE LIPIN PARALOGS ARE EXPRESSED IN 
HUMAN ADIPOCYTES 

Lipins have a reported role in human adiposity and adipocyte metabolism since lipin 

polymorphisms have been related with several metabolic traits [382, 393, 395]. The 

expression of all three lipin members was previously reported in both mouse and human 

adipose tissue [261, 263]. In mouse models, whereas the absence of lipin-1 causes 

lipodystrophy, its enhanced expression promotes obesity and insulin sensitivity [259, 

297]. 

Lipin-1 plays a crucial role in mouse adipogenesis [259, 320], but this is not clear in 

humans [268]. The expression of the lipin family in human adipose tissue has been 

characterised in our research group and has been recently published [397]. These data 

will be presented in this section, and not as part of the results, because these data were 

previously obtained by the research group and constituted the basis for this dissertation. 

First, lipin mRNA levels of paired abdominal SAT and VAT biopsies were analysed in 

19 healthy participants (10 female, age (years) 51.7 ± 16.0, BMI (kg/m2) 23.1 ± 1.6). 

The three lipins were detected in both paired adipose depots (Table 3.1).  

 

 
 mRNA levels 

LPIN1 [median (IQR)] 
SAT 1.454  (0.678) 
VAT 1.496  (0.869) 

LPIN2 [median (IQR)] 
SAT 0.968  (1.251) 
VAT 1.442  (1.251) 

LPIN3 [median (IQR)] 
SAT 0.624  (0.695) 
VAT 0.974  (0.712)* 

TABLE 3.1 mRNA expression levels of the lipin family members in human adipose tissue. mRNA 
levels were quantified in paired SAT and VAT from 19 subjects. The median and the 
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interquartile ranges [IQR] of transcript levels, relative to cyclophilin A and to a calibrator 
consisting on a mix of samples from both depots are shown. *p<0.05 vs. SAT. Wilcoxon test. 

There were no significant differences between depots for LPIN1 and LPIN2, but LPIN3 

showed statistically significant higher mRNA levels in VAT (p=0.026). Lipin-3 is the 

less characterized member of the family and has not an identified physiological 

function. Nevertheless, lipin-3 has been associated with fasting glucose levels in healthy 

individuals [395]. Thus, higher expression levels of lipin-3 in VAT might link lipin-3 

with metabolic disorders associated mainly to this depot [22, 50]. 

The mRNAs of the three lipin family members have been detected in adipose tissue and 

subcutaneous adipocytes [261, 263]. Nevertheless, lipin-2 is also expressed in 

macrophages where it has a role in inflammatory processes [298]. Thus, to discern 

between adipocytes and other cell types, both paired adipose tissue from five 

individuals (2 females, age (years) 59.6 ± 14.0, BMI (kg/m2) 24.7 ± 1.5) were 

fractionated and mature adipocytes were separated from the stromavascular cells (Table 

3.2).  

 

 a. mRNA levels [median (IQR)] 

 

b. mRNA levels [median (IQR)] 

CD31 
 

SAT 
MAD 0.281 (0.382)* 

LPIN1 
SAT 

MAD 0.902  (0.736)* 
SVF 2.144 (0.741) SVF 0.337  (0.276) 

VAT 
MAD 0.269 (0.207)* 

VAT 
MAD 1.123  (1.130)* 

SVF 0.648 (1.25) SVF 0.340  (0.207) 

CD163 
 

SAT 
MAD 0.064 (0.213)* 

LPIN2 
SAT 

MAD 1.018  (0.470) 
SVF 2.361 (5.885) SVF 1.124  (0.658) 

VAT 
MAD 0.256 (0.336)* 

VAT 
MAD 1.471  (0.670) 

SVF 2.855 (2.722) SVF 1.033  (0.250) 

CD34 
 

SAT 
MAD 0.318 (0.390)* 

LPIN3 
 

SAT 
MAD 0.755  (0.438) 

SVF 3.219 (1.499) SVF 0.517  (0.333) 

VAT 
MAD 0.225 (0.211)* 

VAT 
MAD 0.826  (0.411)* 

SVF 2.304 (1.094) SVF 0.517  (0.532) 

FABP4 
 

SAT 
MAD 1.179 (0.757)* 

 
SVF 0.541 (0.368) 

VAT 
MAD 1.317 (0.534)* 
SVF 0.143 (0.385) 

TABLE 3.2 mRNA expression levels of the lipin family members in human fractionated adipose 
tissue. SAT and VAT biopsies from 5 subjects were fractionated, enriched mature adipocytes 
[MAD] and stromavascular [SVF] fractions were obtained, and the mRNA levels of (a) cell 
type markers and (b) the three lipins were quantified. The median and the interquartile ranges 
[IQR] of transcript levels, relative to cyclophilin A and to a calibrator consisting on a mix of 
samples from both depots are shown. *p<0.05 vs. stromavascular, Wilcoxon test. 
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Quantification of markers specific for the diverse stromavascular cell types (endothelial 

cells, CD31; monocyte and macrophages, CD163; and hematopoietic precursors, CD34) 

and adipocytes (FABP4) confirmed that the adipose fraction was enriched with mature 

adipocytes (Table 3.2a). LPIN1 and visceral LPIN3 showed higher mRNA levels in 

mature adipocytes compared to stromavascular cells, whereas LPIN2 and subcutaneous 

LPIN3 showed similar levels in both fractions (Table 3.2b). These findings support that 

LPIN3 expression is higher in VAT adipocytes compared to SAT, pointing to a role of 

this paralog in the visceral fat (Table 3.1 and 3.2b). 

The presence of all lipin paralogs in adipocytes was confirmed by analysing their 

protein levels in VAT of five participants (female donors; age (years) 50.6 ± 7.6; BMI 

(kg/m2) 47.8 ± 8.2). Isolated adipocytes expressed all three protein paralogs, whereas 

the stromavascular fraction expressed mainly lipin-2 (Fig. 3.1a). Similar results have 

been reported in mice. Sembongi et al. (2013) described that lipin-1 protein is mainly 

expressed in adipocytes and lipin-2 is more prominent in the stromavascular. These 

results confirmed the adipose expression of all members of the lipin family ex vivo. The 

protein expression of all three paralogs was previously reported in mouse adipocytes 

[263]. Nevertheless, lipin-3 protein levels were low compared with other tissues and 

difficult to detect in human adipose tissue [263]. In fact, another study failed to detect 

this paralog in mouse adipocytes [262]. We clearly detected lipin-3 in total adipose 

tissue and isolated adipocytes, which may point to a higher concentration of this lipin 

member in human adipocytes compared with mice. 

 

 

FIGURE 3.1 Protein expression of the lipin family members in human fractionated adipose tissue. 
(a) VAT biopsies from five participants were fractionated, enriched mature adipocytes [MAD] 
and stromavascular [SVF] fractions were isolated, and the protein lysates were obtained. The. 
protein levels of lipins and actin from total VAT, MAD and stromavascular cells, were 
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analysed by Western blot. (b) Protein levels of lipins were analysed during adipogenesis of 
adipose derived stem cells [ASC] from three different individuals. Protein levels of adipocyte 
markers (PPAR gamma and FABP4), and loading controls (GAPDH and actin), were also 
analysed. Portions of blots from representative samples are shown. 

Finally, the expression of lipins has been analysed during adipogenesis of adipose-

derived stem cells (ASCs). A previous study [263] reported the expression of all lipin 

family members at mRNA levels in primary adipocytes along differentiation. They 

found that LPIN1 and LPIN3 mRNA levels were induced with adipogenesis while 

LPIN2 expression was not altered along the differentiation process. In our recent study, 

SAT was obtained from participants undergoing elective liposuction surgery (n=3 

female donors; age (years) 37.4 ± 6.4, BMI (kg/m2) 25.9 ± 3.0) [397]. ASCs were 

isolated and stored frozen, according to published protocols [418]. The ASCs were 

induced to differentiate at passage 5 [397]. As shown in figure 3.1b, the robust 

induction of adipocyte markers, such as PPARG and FABP4, confirmed proper 

adipogenesis. Moreover, lipin-1 and, to a lesser extent, lipin-3 are induced during 

adipogenesis while lipin-2 protein levels decrease although are still detectable at day 14 

of differentiation [397]. These results are consistent with previously published data 

[263]. Furthermore, the depletion of lipin-2 levels throughout mouse 3T3-L1 cells 

differentiation has been previously described [262, 287]. 

Overall, these data shows that human adipocytes express all lipin paralogs both in vitro 

and ex vivo, and reflect that lipins exhibit different patterns of expression in adipose 

tissue fractions.  

 

3.1.5. ADIPOSE TISSUE GENE EXPRESSION OF THE LIPIN 
FAMILY IS ALTERED IN TYPE 2 DIABETES 

Obesity and diabetes are two medical conditions closely related that nowadays 

constitute two of the major health problems [1, 3, 21]. Moreover, adipose tissue from 

obese and diabetes patients express downregulated LPIN transcript levels [269, 270, 

398]. Gene expression of the other two lipin family members has been recently 

described by our research group. 

The lipin gene expression of paired SAT and VAT biopsies was analysed in obesity and 

type 2 diabetes. For this, a cohort of 71 participants was selected and grouped as: (a) 

control (BMI between 18.50 and 24.99; 12 female, 53.88 ± 15.41 years old, 23.81 ± 

1.50 kg/m2), (b) obesity (BMI ≥ 25; 25 female, 57.23 ± 14.08 years old, 27.99 ± 4.60 
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kg/m2), and (c) obesity with type 2 diabetes (hereafter type 2 diabetes; 5 female, 66.09 ± 

8.58 years old, 28.68 ± 3.53 kg/m2) [397].  

  

 

 

Figure 3.2 shows that gene expression of the lipin family is altered in obesity and type 2 

diabetes [397]. Obesity showed decreased SAT LPIN1 expression compared with 

normoweight (Fig. 3.2a, p<0.001), while no significant differences were found in VAT 

(Fig. 3.2d). Nevertheless, in a previous study, VAT LPIN1 also reached statistical 

significance in overweight and obesity compared with normoweight (p=0.047), likely 

due to the use of a different cohort [396]. LPIN2 and LPIN3 expression levels showed 

no differences in obesity. On the other hand, type 2 diabetes showed reduced LPIN1 

expression in both SAT (Fig. 3.2a, p<0.001) and VAT (Fig 3.2d, p=0.021), and 

increased SAT LPIN3 expression (Fig. 3.2c, p=0.018), compared with normoweight. 

Finally, LPIN2 expression was similar among groups in both fat depots, pointing to a 

lack of regulation by adiposity or insulin resistance. 

Thus, these data demonstrate altered gene expression levels of the lipin family in type 2 

diabetes, but also point to a possible role of LPIN3 in human glucose homeostasis. 

Another possibility is that LPIN3 expression compensates the downregulation of the 

LPIN1 paralog. Because these two members cooperate in mice adipose tissue [263], the 
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FIGURE 3.2 Altered 
gene expression of the 
lipin family in type 2 
diabetes adipose 
tissue. Relative 
mRNA levels of the 
lipin family members 
were quantified in 
paired (a-c) SAT and 
(d-f) VAT from 71 
participants (n = 17, 43 
and 11 samples for the 
normoweight [NW], 
obesity and type 2 
diabetes [T2D] groups, 
respectively). Data 
represent mean ± SD. 
*p<0.05, **p<0.01, 
***p<0.001 vs. 
normoweight, 
ANOVA and Kruskal–
Wallis tests. 
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compensation mechanism might explain why humans with deleterious mutations of 

LPIN1 have normal adipose tissue distribution [268]. 

In adipose tissue, PAP1 activity [272] is downregulated in type 2 diabetes. Moreover, 

SAT LPIN1 expression is negatively associated with, and dependent on, HOMA-IR 

[269, 270, 383, 397, 398, 419]. A single nucleotide polymorphism of lipin-2 is 

associated with type 2 diabetes and glucose metabolism [393], and a variant near LPIN3 

has been associated with fasting glucose levels in healthy individuals [395]. Finally, 

SAT LPIN3 expression depends positively on plasma glucose levels [397]. 

Decreased adipose tissue lipin expression levels and PAP1 activity have been linked 

with insulin resistance and type 2 diabetes [269-271, 382, 387]. Therefore, the observed 

changes of the lipin family gene expression in type 2 diabetes may account for the 

altered PAP1 activity in adipocytes from these patients. Interestingly, SAT showed 

differences in lipin gene expression more clearly, and this depot is believed to act 

buffering fatty acids and exhibits a neutral or even protective role in the development of 

metabolic complications [22, 50]. Thus, the lipin family may cooperate in this 

protective role, since the depletion of lipin expression and activity is associated to both 

obesity and diabetes disorders. 

All these data prompted us to investigate the functions of the three lipins in type 2 

diabetes and in human adipocytes by studying the effects of loss-of-function on human 

adipogenesis.  
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3.2. RESULTS AND DISCUSSION 

3.2.1. LIPIN PROTEIN ANALYSIS CONFIRMS ALTERED 
EXPRESSION IN TYPE 2 DIABETES  

First, we sought to examine the lipin protein levels to see whether the results are 

consistent with the changes obtained at the mRNA level. This analysis was performed 

in SAT biopsies, which showed the most significant changes in gene expression. For 

this purpose, we examined SAT biopsies from a cohort of 28 male subjects grouped as 

normoweight, obesity and type 2 diabetes. The characteristics of these groups are 

described in the table bellow (Table 3.3). 

 

 Normoweight Obesity T2D p-value 
N 9 10 9  
age (years) 51.67 ± 3.24 52.70 ± 4.24 55.22 ± 4.84 0.196 
BMI (kg/m2) 23.30 (3.91) 33.48 (5.32) 35.22 (6.17) <0.001 
HOMA-IR 0.63 (1.38) 2.21 (3.08) 6.92 (7.30) 0.006 
Glucose (mmol/l) 3.78 (1.11) 4.28 (1.67) 8.56 (4.82) 0.006 
Insulin (µIU/ml) 4.00 (5.03) 12.70 (12.21) 18.73 (12.32) 0.009 
TAGs (mmol/l) 0.81 (0.82) 1.43 (1.25) 1.72 (1.60) 0.020 

TABLE 3.3 Characteristics of the cohort for the study of the lipin protein expression. SAT was 
extracted from a cohort of 28 male participants for protein expression analysis. Clinical and 
anthropometrical variables were collected. Normal distributed data are expressed as mean ± 
SD, and variables with no Gaussian distribution are expressed as median (interquartile range, 
[IQR]). ANOVA and Kruskal-Wallis tests. Type 2 diabetes [T2D] 

Figure 3.3 shows the relative protein levels of the protein family. Lipin-1 protein levels 

were significantly downregulated in obesity, in accordance with a previous work [400], 

and type 2 diabetes compared with normoweight. Thus, relative lipin-1 protein levels 

mimicked the LPIN1 gene expression pattern [397]. On the contrary, lipin-3 protein 

levels showed no significant differences among the three groups. There is no other 

information available about lipin-3 protein levels in human adipose biopsies. 

Nevertheless, alterations in adipocyte lipin-3 protein levels may be masked when total 

AT is analysed due to its presence also in the stromavascular fraction (Table 3.2b and 

Fig. 3.1a). Future studies should investigate whether type 2 diabetes is associated with 

altered expression of lipin-3 in isolated adipocytes. 
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These data confirmed altered expression of the lipin family (at least, of lipin-1) in type 2 

diabetes and may support the previously described decrease in adipose PAP1 activity 

[271, 272].  

 

 

FIGURE 3.3 Altered protein expression of the lipin family in obese and type 2 diabetes adipose 
tissue. (a-c) Protein levels of the lipin family members were quantified in SAT of 28 male 
participants (n = 9, 10 and 9 samples for the normoweight [NW], obesity and type 2 diabetes 
[T2D] groups, respectively). (d) Portions of Western blots of representative samples. Data 
represent mean ± SD. *p<0.05 vs. normoweight, ANOVA and Kruskal-Wallis tests. 

 

3.2.2. LIPINS DISPLAY DIFFERENT TEMPORAL PATTERNS OF 
EXPRESSION DURING HUMAN ADIPOGENESIS 

Next, we aimed to study the effects of the lipin family members depletion on human 

adipogenesis. First, we intended to find a model where we can study the roles of the 

lipin members in human adipogenesis without being limited by the availability of the 

samples or using tumoral cell lines. For this, we used Simpson-Golabi-Brehmel 

syndrome (SGBS) pre-adipocytes. This cell strain was extracted from the subcutaneous 

fat of a patient with this rare syndrome [100] and is increasingly being used for the 

study of human adipocytes [87]. Thus, we started by characterizing the expression 

pattern of the lipin family during SGBS adipogenesis. 
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3.2.2.1. ADIPOGENESIS OF HUMAN SIMPSON-GOLABI-
BEHMEL SYNDROME CELLS 

We studied adipogenesis in this human model by following the established protocols 

[87] with slight modifications, detailed in Methods. SGBS pre-adipocytes can be easily 

differentiated as shown in Figure 3.4a. SGBS cells are seeded at high density (25,000 

cells/cm2) and when they reach confluence (day 0), usually after three days, the 

differentiation stimulus is added for four days. After this treatment, partially 

differentiated adipocytes already express the genes necessary for insulin sensitivity, fat 

transport and synthesis among others. Afterwards, SGBS adipocytes are maintained in 

media supplemented with insulin and accumulate TAGs in LDs and become bigger and 

full of fat (Fig. 3.4e).  

 

 As shown above, day 4 SGBS adipocytes exhibit small size lipid droplets that grow 

along the adipogenic process (Fig. 3.4b). During adipogenesis, we observe a high 

heterogeneity in SGBS states of differentiation: some elongated cells with lower 

amounts of LDs can be observed among round adipocytes that present a greater amount 

of fat (Fig. 3.4c, and 3.4d). Nevertheless, at the end of differentiation, at day 14, the 

great majority of cells exhibit the characteristic morphology of SGBS adipocytes with 

an expanded cytoplasm plenty of LDs (Fig. 3.4e). 

In order to facilitate the study of the adipogenic process and the involvement of each 

lipin member, we analysed two different points of adipogenesis. An earlier adipogenic 

state was analysed at day 4, when the adipogenesis is already induced and the LDs are 

already evident by phase contrast microscopy in the immature adipocytes (Fig. 3.4b). 

As a later adipogenic state, we chose day 10 of differentiation because at this point the 

 
                                      

Media supplements:  MIX  Insulin
Day:          -3   0               4                  14

a

b c d e

FIGURE 3.4 SGBS 
adipogenesis timeline. (a) 
SGBS pre-adipocytes were 
seeded and induced to 
differentiate during 14 days 
as indicated in Methods. 
Vertical lines indicate 
changes in the culture 
medium. (b-e) 20X phase 
contrast images of SGBS 
adipocytes taken at 
different points of 
adipogenesis: day 4 (b), 
day 7 (c), day 10 (d), and 
day 14 (e). 
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great majority of cells are fully differentiated, present a high number of LDs that can be 

stained with Oil Red O (Fig. 3.5), and TAG is already measurable. 

 

 

FIGURE 3.5 Neutral lipid staining with Oil Red O. SGBS pre-adipocytes were seeded and induce to 
differentiate. At day 10, cells were fixed in paraformaldehyde and stained with Oil Red O as 
explained in Methods. Pictures were taken on a phase contrast microscopy at (a) 10X and (b) 
40X. 

 

3.2.2.2. EXPRESSION OF LIPINS DURING SGBS ADIPOGENESIS 

Once we verified the proper conditions to differentiate SGBS adipocytes, we aimed to 

study the expression of lipins during adipogenesis in these cells. SGBS pre-adipocytes 

were differentiated to adipocytes and lipin mRNA and protein levels were analysed. 

Lipin-1 was expressed at low levels in pre-adipocytes and strongly induced during 

adipogenesis at both mRNA and protein levels. On the other hand, lipin-2 and lipin-3 

were present along SGBS adipogenesis and both mRNA and protein levels showed mild 

variation (Fig. 3.6a-c). 

At early stages of the differentiation process, we detected a small decrease in LPIN2 

mRNA levels whereas LPIN3 mRNA levels were induced. Afterwards, both LPIN2 and 

LPIN3 transcript levels recovered and maintained more constant levels (Fig. 3.6a). 

However, these changes were not found at the protein levels (Fig. 3.6b-c). 

The expression of the lipin family observed in SGBS adipogenesis matches with the 

expression profile found in ASC cells (Fig. 3.1b), which validates this model for the 

study of lipins in adipogenesis. Moreover, the induction of lipin-1 during adipogenesis 

was found in both ASCs and SBGS cells, and may point to a role of the lipin-1 in 

adipogenesis, as it was described in mice, where the upregulation of lipin-1 is in line 

a b
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with the increase in total PAP activity [287], necessary for TAG synthesis and the 

initiation and progression of the adipogenic process [319, 320, 332]. 

 

 

FIGURE 3.6 Lipin expression profile during SGBS adipogenesis. SGBS pre-adipocytes were induced 
to differentiate as indicated previously. (a) At different times (0h, 8 h, 12 h, days 1, 2, 4, 7 and 
14) of differentiation, mRNA levels of lipins were analysed (n=3). (b) At different days (0, 2, 
4, 7 and 14) of differentiation, protein levels of were analysed. (c) Portions of a representative 
Western blot is shown. Protein levels of adipocyte markers (PPAR gamma and FABP4), and 
loading controls (GAPDH and actin), were also analysed (n=3). Data represent mean ± SD of 
fold increase over day 0. **p<0.01. General Lineal Model Univariate test. White squares, 
LPIN1; grey squares, LPIN2; black squares, LPIN3. 

 

3.2.2.3. SGBS ADIPOCYTES EXPRESS MAINLY LIPIN-1 

Because all three paralogs are expressed in adipocytes, we wonder whether they all 

were present in a relevant amount and exert a role in adipogenesis. Therefore, we aimed 

to study their relative abundance in SGBS adipocytes. In order to compare the relative 

amounts of lipins, we set up an experiment to analyse endogenous lipins by normalising 
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their expression levels with exogenous GFP-tagged Lipins, and correcting by the 

overexpression efficiency. We found that day 4 adipocytes express mainly lipin-1 

protein, followed by lipin-2 and lipin-3 (Fig. 3.7). Data are expressed relative (fold) to 

the less abundant paralog, lipin-3. Protein amount of lipin-1 was 44.88 ± 28.93 fold over 

lipin 3, while lipin-2 protein was 8.65 ± 6.28 fold. Since overexpression of lipins was 

not similar among members (Fig. 3.7c), and exogenous proteins were highly expressed 

compared with the endogenous protein (Fig. 3.7d), these results must be taken with 

caution. However, relative abundance of lipins (lipin-1 > lipin-2 > lipin-3) was similar 

among the experiments carried out and even in day 10 adipocytes (data not shown). 

Our findings show that, at least since day 4 of differentiation, lipin-1 is the most 

abundant paralog. Thus, human lipin-1 might be the major lipin member involved in 

human adipogenesis, in a similar way as mice [259]. On the other hand, this does not 

preclude that the other paralogs, in spite of their low levels, may also play important 

roles. For instance, this has been described for lipin-3 in murine adipocytes [263].  

 

FIGURE 3.7 Protein levels of the lipin family members in day 4 SGBS adipocytes. (a) SGBS pre-
adipocytes were cultivated until confluence and differentiated with an adipogenic cocktail 
(MIX) for four days as described in Methods. At day 2, SGBS cells were transfected with 
GFP-tagged lipins cloned in pEGFP-N3 plasmids. 48h after transfection cells were collected 
and lipins, GFP and Actin levels were analysed by Western Blot. (b) Endogenous levels of 
each lipin member were normalised by the levels of its overexpressed protein and by its 
specific transfection efficiency (n=3). Data represent mean ± SD, relative to normalised lipin-3 
values. (c) Transfection efficiency was examined by quantification of GFP protein levels. 
Portions of a representative Western blot (d) Portions of a representative Western blot shows 
endogenous and overexpressed lipins. 
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3.2.2.4. LIPINS PARTITION BETWEEN SUBCELLULAR 
COMPARTMENTS IN SGBS ADIPOCYTES 

Lipin proteins are mainly cytosolic enzymes that need to be translocated to exert their 

function to the nucleus or intracellular membranes [289]. In spite of this, several 

particular localizations have been attributed to certain lipin members or isoforms in 

different cellular types, which may relate them with specific functions [263, 266, 274, 

291]. We sought to study the subcellular localization of lipins in SGBS adipocytes. For 

this, we prepared protein lysates from day 10 differentiated SGBS adipocytes from the 

soluble, intranuclear and membrane fractions to analyse the lipin subcellular 

localization by Western blot. The efficiency of the subcellular fractionation was verified 

by using markers of each fraction: cytosol (GAPDH), nuclei (tubulin), and membranes 

(calnexin). Figure 3.8 shows that, under basal conditions, the three lipins partitioned 

between cytosolic (soluble), intranuclear and membrane-bound forms in SGBS 

adipocytes with no major changes in their distribution during the course of 

differentiation (data not shown).  

 

 

FIGURE 3.8 Subcellular localization of lipins in SGBS adipocytes. Subcellular fractions containing 
cytosolic, intranuclear and membrane proteins were prepared from day 10 SGBS adipocytes. 
Subcellular localization of endogenous lipins and specific markers were assessed by Western 
blot. (a) Portions of Western blots and (b) percentage of lipin proteins in each subcellular 
fraction of a representative experiment. 

Overexpression studies have reported that fluorescence-tagged lipin-1 and lipin-3 are 

distributed throughout the cell in different cells types, including mouse adipocytes [263, 

287, 289, 291]. On the contrary, several studies excluded the overexpressed lipin-2 from 

the nucleus in different cell types [287, 291]. Supporting our results, an analysis of 

endogenous lipin-2 in mouse adipocytes reported its localization spread all through the 

cell [289]. Moreover, the existence of the polybasic motif in all the lipin paralogs [259], 
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and the role of Lipin-2 as a transcription coactivator through PGC1-α [278], are two 

more evidences in our behalf. 

Previous reports in mouse adipocytes showed that lipin-1 is primary a cytosolic protein 

and its localization is regulated by different stimuli, posttrancriptional modifications 

such us phosphorylation [275] and sumoylation [336], association with proteins [292, 

368], oligomerization and interaction with other lipin members [263, 291], intracellular 

pH and membrane composition [279]. Therefore, despite the fact that lipin family 

paralogs showed similar subcellular localization in SGBS adipocytes, they may be 

involved in different functions by responding to different stimuli or may cooperate 

between them promoting a specific localization of the other lipin members. 

 

3.2.3. LIPINS PLAY A ROLE IN EARLY STAGES OF 
ADIPOGENESIS  

To address the effects of decreased PAP1 activity on adipogenesis and given that all 

three lipins are expressed in adipocytes, we investigated the effects of depletion of each 

member by transfecting small interference RNA (siRNA) prior to the induction of 

adipogenesis in SGBS pre-adipocytes. For this, we used two specific targeting siRNA 

per lipin gene to assure enough depletion of protein levels, and two transfections at 

different time points (see Methods and Fig 3.9a). Lipin-depleted adipocytes were 

analysed at day 4 of differentiation to assess adipogenic early events. Lipin mRNA and 

protein expression analysis was used to confirm knockdowns and evaluate possible 

compensatory mechanisms among lipins.  

 

3.2.3.1. LIPIN-1 ACCOUNTS FOR ALMOST ALL PAP1 ACTIVITY 
IN EARLY STAGES OF ADIPOGENESIS 

At the mRNA level, single depletion of lipin members was 0.21 ± 0.04, 0.14 ± 0.01 and 

0.78 ± 0.03 fold over the non-targeting control for LPIN1, LPIN2 and LPIN3, 

respectively (Fig. 3.9b). The lower decrease on lipin-3 could be due to detection of non-

degraded fragments of mRNA because of the hydrolysis probe used for quantifying 

LPIN3 gene expression. Nevertheless, depletion of protein levels was similar among the 

three paralogs: 0.04 ± 0.03, 0.07 ± 0.03, and 0.27 ± 0.19 fold over the non-targeting 

control for lipin-1, -2 and -3, respectively (Fig. 3.9c-d). A lower efficiency of the 

siRNA used for the depletion of LPIN3 may also be considered, however, we used 
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siRNA from another commercial source with similar results (data not shown). Thus, 

depletion of lipin-3 was harder to achieve than the other members of the family, or it 

might be more essential for human SGBS adipocytes. 

 

 

Besides the lipin to whom the siRNAs are directed, single knockdowns altered the 

expression of other members of the family. Thus, lipin-1-depleted cells responded by 

compensatory upregulation of lipin-2 protein (Fig. 3.3c-d), but not LPIN2 transcript 

levels (Fig. 3.3b). Conversely, single LPIN2 and LPIN3 knockdowns led to lower 

mRNA and protein levels of the other family members (Fig. 3.3c-d). Especially, LPIN3 

triggered a reduction of lipin-2 protein levels, exhibiting only 35% that of the control. 

Therefore, the depletion of a single lipin member affects the expression of the other 

members of the family. The upregulation of lipin-2 in response to lipin-1 knockdown 

has been previously reported by other studies in mice adipocytes [262, 287]. Likewise, 

downregulation of lipin-1 levels in adipocytes of LPIN3-knockout-mice has also been 

published [263]. Interestingly, lipin-2 depletion in mouse adipocytes caused a secondary 
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FIGURE 3.9 Single 
knockdowns of lipins in 
SGBS pre-adipocytes. (a) 
Knockdown of single lipin-1, -
2 and -3 was performed in pre-
adipocytes, adipogenesis was 
induced (day 0), and cells were 
collected at day 4. The 
depletion of lipin members was 
analysed at the (b) mRNA 
(n=3) and (c) protein (n=7) 
level. (d) Portions of a 
representative Western blot are 
shown. (e) PAP1 activity of 
lipin-depleted cells (non-
targeting control [nT]: 23.10 ± 
5.12 nmol/min/mg) was 
analysed. Data are expressed as 
mean ± SD, of fold increase 
over non-targeting controls. 
**p<0.01, ***p<0.001 of fold 
increase over non-targeting, 
General Lineal Model 
Univariate test. White bars, 
LPIN1 knockdown; grey bars, 
LPIN2 knockdown; black bars, 
LPIN3 knockdown. 
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increased of LPIN1 transcript levels [262], which was not observed in SGBS 

adipocytes. 

Next, we studied the remaining PAP1 activity in the single lipin-depleted SGBS pre-

adipocytes. PAP1 activity analysis showed that all three lipin knockdowns reduce the 

phosphatidate phosphatase activity. Nevertheless, lipin-1 accounted for almost all PAP1 

activity (lipin-1-depleted cells showed 5% of PAP1 activity in the control), whereas 

lipin-2 and lipin-3 single knockdowns reduced it to 49% and 61%, respectively (Fig. 

3.9e). Nevertheless, the reduction observed in lipin-2- and -3-depleted cells cannot be 

completely attributed to their own depletion because their depletion downregulate lipin-

1 protein levels (39% and 76% compared with the control, respectively, Fig. 3.9c-d). 

This could point to the fact that lipin-2 and lipin-3 may contribute very little to total 

PAP activity. Furthermore, the low PAP1 activity in lipin-1-depleted cells implies that 

lipin-2 upregulation cannot compensate for the loss of lipin-1 in humans adipocytes, 

which differs from 3T3-L1 adipocytes [262, 287].  

To our knowledge, PAP1 activity of the human lipin family has never been quantified 

although it has been described that the three members of the family are able to restore 

the growth defect of ΔPah1, the yeast ortholog of lipin, to similar levels [376]. The 

above results suggest that human lipins exhibit similar activity as reported in mice, 

where lipin-1 accounts for the majority of the PAP activity [261]. Therefore, lipin-1 

appears to be the main lipin in human SGBS adipocytes, and may represent the most 

abundant and active member of the family. Despite the similarities with mouse, lipin-1 

depletion in mice [259] and rats [372] leads to lipodystrophy whereas no LPIN1 

mutation has been detected in human lipodystrophy patients [373, 374] and deleterious 

mutations of LPIN1 humans were detected in individuals with normal distribution of the 

adipose tissue [268]. Together, these data highlight the need to further study the role of 

the lipin family in human adipogenesis and any mechanisms that may bypass the lack of 

PAP1 activity in the absence of lipin-1. 

3.2.3.2. ALL LIPIN MEMBERS HAVE A ROLE IN EARLY 
STAGES OF HUMAN ADIPOGENESIS 

In mice, lipin-1 induces adipogenesis, not only through its catalytic activity which 

controls phosphatidate levels and provides DAG for TAG synthesis, but also by 

amplifying the expression levels of two key adipogenic transcription factors, C/EBPα 
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and PPARγ [332]. Therefore, we next aimed to determine the effects of diminished lipin 

levels in adipogenesis and lipogenesis at an early stage of differentiation. 

 

  

FIGURE 3.10 All three lipins play a role in human SGBS in early adipogenesis stages. Silencing of 
single LPIN1, LPIN2, LPIN3 and the corresponding non-targeting control [nT], was performed 
in SGBS pre-adipocyte cells. After induction of adipogenesis, cells were collected at day 4 and 
analysed. (a) mRNA levels of early adipogenic transcription factors (n=3), (b) protein levels of 
transcription factors (n=7), and (c) representative portions of Western blots are shown. Data 
represent mean ± SD of fold increase over non-targeting controls. * p<0.05, ** p<0.01, *** 
p<0.001, General Lineal Model Univariate test. White bars, LPIN1 knockdown; grey bars, 
LPIN2 knockdown; black bars, LPIN3 knockdown. 

We analysed the expression levels of the main transcription factors that promote 

adipogenesis: C/EBPβ and C/EBPδ, as directors of early differentiation, and C/EBPα, 

PPARγ and SREBP1 for late differentiation induction. CEBPA was downregulated in 

cells depleted of any lipin family member, and CEBPB was decreased upon lipin-2 

deficiency (Fig. 3.10a). CEBPD showed a significant upregulation in cells depleted of 

any lipin family member (Fig. 3.10a), probably due to the triggering of a compensation 

strategy for inducing CEBPA and PPARG and proceed with adipogenesis. Under these 

conditions, gene expression of two key transcription factors regulated by C/EBPs, 

PPARG and SREBF1 were downregulated (Fig. 3.10a), and also at the protein level 

(Fig. 3.10b-c). The magnitude of the decrease in PPARγ protein levels is similar for all 
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single lipin knockdowns and, thus, it might not be explained by downregulation of lipin-

1 (Fig. 3.9c).  

Similar results have been reported in mouse adipocytes. Lipin-1 depletion in 3T3-L1 

pre-adipocytes completely impedes differentiation and causes the reduction of PPARG2, 

CEBPA and SREBP1c expression [332], whereas a decrease of PPARG expression has 

also been reported in lipin-3-deficient mice [263]. On the contrary, the depletion of 

lipin-2 in 3T3-L1 pre-adipocytes increases the expression of PPARG2, although this 

increase is probably linked to the compensatory induction of lipin-1 expression [262]. 

Overall, these results indicate that all three human lipins have an effect in early 

adipogenic process and decrease the expression of several transcription factors 

including the master of adipogenesis, PPARγ.  

We next analysed the effects of lipin depletion on lipogenesis. As phosphatidate 

phosphatase enzymes, lipins are enzymes of the glycerolipid pathway, whereby catalyse 

the penultimate step in TAG synthesis. Previous works revealed that silencing of a 

single lipin family member has different effects in mouse lipogenesis. While lipin-1 and 

-3 depletions have been reported to reduce the neutral lipid accumulation [263, 332], 

lipin-2 knockdown seems to induce lipogenesis [262]. 

First, we explored the expression of lipogenic genes. The expression of PCK1, ACACA, 

SCD1, AGPAT2, DGAT1 and DGAT2 was significantly downregulated in cells depleted 

of any lipin family member (Fig. 3.11a). In contrast, sn-1-glycerol-3-phosphate 

acyltransferase (GPAT3) was significantly upregulated in the lipin-1 and lipin-2 

knockdowns (Fig. 3.11a). The induction of this GPAT isoform, which has an important 

activity in 3T3-L1 adipocytes [139], may respond to a compensatory mechanism in the 

glycerolipid or in other pathways.  

To further analyse lipogenesis in lipin-depleted cells, we analysed the incorporation of 

fatty acids and glucose into TAGs. While esterification of fatty acids was 

downregulated in lipin-1- and lipin-2-depleted cells to 64% and 41% respectively, lipin-

3 had no effect in fatty acid incorporation. On the other hand, glucose incorporation into 

TAGs decreased in all single lipin knockdowns (40%, 33% and 68% for lipin-1, lipin-2 

and lipin-3 knockdowns, respectively, Fig. 3.11b). In contrast to mouse 3T3-L1 cells, 

SGBS pre-adipocytes are differentiated in the absence of serum and, therefore, neutral 

lipids should be obtained from DNL. Besides, although glyceroneogenesis is the major 

pathway for glycerol synthesis in mature adipocytes [134], during adipogenesis 
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glycolysis may account for an important source of alpha-glycerophosphate. Thus, 

glucose incorporation into TAGs may account for DNL, but also for alpha-

glycerophosphate synthesis via glyceroneogenesis and glycolysis. Downregulated 

alpha-glycerophosphate synthesis and DNL may be supported by the fact that transcript 

levels of PCK1 (glyceroneogenesis) and ACACA (liponeogenesis) are downregulated 

(Fig 3.11a).  

 

 

FIGURE 3.11 All three lipins have a role in human SGBS lipogenesis in early adipogenesis stages. 
Knockdowns of single lipin members were performed in pre-adipocytes, adipogenesis was 
induced (day 0) and cells were collected at day 4. (a) mRNA levels of lipogenic genes (n = 3) 
were analysed and expressed relative to cyclophilin 1A and to non-targeting control. (b) Fatty 
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acid (FA) and glucose incorporation into TAGs (control, fatty acids: 220.8 ± 185.7 arbitrary 
units TAG/µg protein, glucose: 3.47 ± 6.30 arbitrary units TAG/µg protein) (n = 3). Abundance 
of significantly changed species of (c) diacylglycerol (DG) and (d) triacylglycerol (TG), (n=4). 
Data represent mean ± SD of fold increase over non-targeting controls. *p<0.05, **p<0.01, 
***p<0.001, General Lineal Model Univariate test. White bars, LPIN1 knockdown; grey bars, 
LPIN2 knockdown; black bars, LPIN3 knockdown. 

 

These data point to broader effects of lipin silencing other than DAG synthesis. 

Moreover, the putative intranuclear roles of lipin-1, -2 and -3 add some complexity to 

the above [261, 267]. 

Finally, lipid quantification by mass spectrometry showed that, among the lipid species 

that were altered, the levels of most DAG (Fig. 3.11c) and TAG (Fig. 3.11d) species 

were downregulated in cells depleted of any lipin compared with controls. Interestingly, 

phosphatidate levels did not change (data not shown). Thus, the product of the lipin 

reaction is reduced whereas the substrate is not changed, which may indicate its 

consumption by other pathways. 

Summarizing, we found that all three lipin members have an effect on lipogenesis, as 

was shown by altered expression of lipogenic genes, fatty acids and glucose 

incorporation into TAGs, and DAG and TAG levels. Thus, lipins not only affect 

adipogenesis, as seen by the expression levels of adipogenic transcription factors, but 

also lipogenesis. Interestingly, this effect is more pronounced with lipin-2 silencing, 

despite the decrease in PAP1 activity is 49% compared to 95% in lipin-1 silenced cells. 

This points to further roles than DAG/TAG synthesis and suggest that the intranuclear 

roles of the lipin members should be considered. 

 

3.2.4. TERMINAL ADIPOGENESIS OF LIPIN-DEPLETED SGBS 
PRE-ADIPOCYTES  

The fact that depletion of any lipin altered both SGBS adipogenesis and lipogenesis 

does not explain why deleterious mutations in human LPIN1 do not lead to 

lipodystrophy as in the mouse model. Moreover, compensation mechanisms among 

lipins do not seem to occur, at least at day 4 of differentiation, despite the crosstalk 

among the family members. We next aimed to analyse the effects of lipin depletion at 

later stages of adipogenesis (at day 10 of differentiation) to search for an eventual 

recovery. 
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3.2.4.1. LIPIN-1 ALSO ACCOUNTS FOR ALMOST ALL PAP1 
ACTIVITY IN MATURE ADIPOCYTES 

We depleted each lipin member prior to induction of adipogenesis in SGBS pre-

adipocytes, and cells were analysed at day 10 after differentiation (Fig. 3.12a). The 

mRNA levels obtained for LPIN3 in the lipin-3-knockdown are lower than at day 4 

(0.59±0.20), but still higher than the reduction obtained at the protein levels, and the 

downregulation obtained for the other lipin members (Fig. 3.12b). We found that 

protein downregulation of lipins still persisted at this late stage of differentiation being 

0.07±0.03, 012±0.03, 0.14±0.05 protein levels for lipin-1, -2 and -3 respectively (Fig. 

3.12c and d).  

 

 

At day 10, we observed similar crosstalk among lipin proteins (Fig. 3.12c) as observed 

at day 4 (Fig. 3.9c), but not at the mRNA level (Fig. 3.12b). Lipin-1-depleted cells still 

responded by compensatory upregulation of lipin-2 protein, whereas lipin-2 and lipin-3 

knockdown promoted a decrease of the other members (Fig. 3.12c and d). 
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FIGURE 3.12 Terminal 
differentiation of lipin-
depleted SGBS pre-
adipocytes. (a) Knockdowns 
of single lipin members were 
performed in pre-adipocytes, 
adipogenesis was induced 
(day 0), and cells were 
collected at day 10. (b) 
mRNA (n = 3) and (c) protein 
levels (n=3), of the lipin 
family were analysed. (d) 
Portions of a representative 
Western blot are shown. (e) 
PAP1 activity (control: 38.88 
± 1.38 nmol min−1 mg−1) (n 
= 3). Data represent mean ± 
SD of fold increase over non-
targeting controls [nT]. 
*p<0.05, **p<0.01, 
***p<0.001, General Lineal 
Model Univariate test. White 
bars, LPIN1 knockdown; grey 
bars, LPIN2 knockdown; 
black bars, LPIN3 knockdown 
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PAP1 activity analysis showed that lipin-1 still accounted for almost all PAP1 activity 

at this later stage of the differentiation (lipin-1-depleted cells had 3% of PAP1 activity 

in the control, Fig. 3.12e). On the other hand, lipin-2 and lipin-3 single knockdowns 

slightly reduced PAP1 activity (84% and 74%, respectively) (Fig. 3.12e). Interestingly, 

at day 10, the reduction of PAP1 activity in lipin-2-depleted cells was lower than at day 

4 (49% that of the control), probably due to the induction of lipin-1 along adipogenesis. 

Similar results have been reported in mice, where it has been suggested that lipin-2, and 

possibly lipin-3, may be responsible for providing the necessary PAP1 activity prior to 

differentiation and lipin-1 induction [287]. 

To sum up, lipin depletion in pre-adipocytes remains at least until day 10 of 

differentiation. Despite the crosstalk among lipins, lipin-1 remains the major PAP1 

enzyme in terminal differentiation. On the other hand, lipin-2-depleted cells recovered 

PAP1 activity, although not entirely, compared with day 4 of differentiation, which may 

point to a dispensable role of lipin-2 at later adipogenesis.  

 

3.2.4.2. SINGLE LIPIN SILENCING DOES NOT BLOCK TAG 
ACCUMULATION IN MATURE ADIPOCYTES 

At day 10 of differentiation, protein levels of two major adipogenic transcription 

factors, PPARγ and SREBP1, remained downregulated (Fig. 3.13).  

 

 

FIGURE 3.13 Protein levels of transcription factors in lipin-depleted SGBS pre-adipocytes after 
full differentiation. Knockdowns of single lipin members were performed in pre-adipocytes, 
adipogenesis was induced (day 0), and cells were collected at day 10. (a) mRNA (n = 4) and 
(b) protein levels (n=5), of adipogenic factors were analysed. (c) Portions of a representative 
Western blot are shown. Data represent mean ± SD of fold increase over non-targeting controls 
[nT]. *p<0.05, **p<0.01, ***p<0.001, General Lineal Model Univariate test. White bars, 
LPIN1 knockdown; grey bars, LPIN2 knockdown; black bars, LPIN3 knockdown 

0 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

PPARG 

SREBP1 

Pr
ot

ei
n 

le
ve

ls
 (f

ol
d)

 

** ** 
* 

*** 

** 

* 

 

 
-

-PPARG

-SREBP1 

-Actin 

GAPDH 

siRNA 
 LPIN1 LPIN2 LPIN3 nT

γ2
γ1
125 kDa

0.0 

0.5 

1.0 

1.5 

PPARG 

SREBF1 

m
RN

A 
lev

els
 (f

old
) 

a b c



Chapter 3: The lipin family in human adipocytes 
 

 114 

The expression of genes involved in lipid biosynthesis was altered to a lesser extent 

compared with the effects observed at day 4 (Fig. 3.14a). On the other hand, fatty acids 

esterification into TAGs and alpha-glycerophosphate synthesis/DNL were significantly 

downregulated in cells depleted of any lipin (Fig. 3.14b). Moreover, compared with day 

4, lipin-3 depletion also showed reduced fatty acids esterification into TAGs. 

 

 

FIGURE 3.14 Neutral lipid and TAG levels in single and combinatorial knockdown of lipins in 
SGBS pre-adipocytes. Knockdowns of single lipin members were performed in pre-
adipocytes, adipogenesis was induced (day 0), and cells were collected at day 10. (a) mRNA 
levels of lipogenic genes (n = 4), (b) fatty acid [FA] and glucose incorporation into TAGs 
(control, fatty acids: 740.6±292.3 mmol/l TAG/µg protein, glucose: 3.73±2.60 mmol/l TAG/µg 
protein) (n=3), (c) total TAG content (control: 110.86±37.29 mmol/L/mg) (n=4). Data 
represent mean ± SD of fold increase over non-targeting controls. *p<0.05, **p<0.01, 
***p<0.001, General Lineal Model Univariate test. White bars, LPIN1 knockdown; grey bars, 
LPIN2 knockdown; black bars, LPIN3 knockdown 

Despite the decreased glucose and fatty acids incorporation into TAGs, depletion of any 

lipin triggered only a slight reduction in total TAG levels. Decreased TAG 

accumulation (15% to 34%) was significant only in lipin-3-depleted cells (Fig. 3.14c). 
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Therefore, downregulation of TAG levels in SGBS adipocytes is mild compared with 

mouse 3T3-L1 adipocytes, where siRNA-mediated depletion of lipin-1 potently inhibits 

adipogenesis and neutral lipid accumulation [262, 287, 332].  

 

FIGURE 3.15 BODIPY 558/568 C12 incorporation into LDs of lipin-1-depleted SGBS pre-
adipocytes. Knockdowns of single lipin members were performed in pre-adipocytes, and 
adipogenesis was induced (day 0). At day 7 of differentiation, cells were incubated with 1 
µmol/l BODIPY 558/568 C12 (red) and 10nmol/l insulin for five minutes. Next, cells were 
fixed, blocked and incubated with Lipin-1 antibody (green), and nuclei were stained with 
Hoechst (blue). Samples were visualized under a regular Fluorescence microscopy. Asterisks, 
LDs of lipin-1 positive cells; white arrows, LDs of lipin-1 depleted cells. 

In order to evaluate the role of lipin-1 in TAG synthesis, we analysed incorporation of a 

fluorescent fatty acid into LDs in lipin-1-depleted cells. Lipin-1-silenced adipocytes 

were incubated for 5 minutes with the fluorescent fatty acid probe in the presence of 

insulin. As shown in Figure 3.15, lipin-1 depletion does not impede the incorporation of 

fluorescent fatty acids into LDs (white arrows), which is stored similarly in cells where 

the knockdown failed (asterisks). 

The existence of remnant amounts of lipin proteins, attributed to the limitation of the 

siRNA mediated knockdown technology, could engage pre-adipocytes into 

adipogenesis and TAG accumulation. Nevertheless, day 10 PAP1 activity was still 

merged C12

Hoechst α-Lipin-1

*

*

*
*

*

*



Chapter 3: The lipin family in human adipocytes 
 

 116 

almost absent in the lipin-1 knockdown (3% of the control). This suggests that cells 

overcame the initial impairments on adipogenesis and lipogenesis. We cannot discard, 

however, that PAP1 activity from lipin-2 and lipin-3, although very much lower 

compared with lipin-1, might trigger adipogenesis. Nevertheless, contrary to other mice 

tissues, some reports suggest that lipin-2 may not participate, or little, in adipose PAP 

activity [263, 285]. In human adipocytes, lipin-2 appears to have an effect on early 

adipogenic events (day 4), whereby lipin-2 depletion downregulated lipogenic genes 

more than lipin-1 depletion (Fig. 3.11a). Moreover, opposite effects for lipin-1 and 

lipin-2 have been described in mice [262]. On the other hand, lipin-3 might have a more 

important role in terminal differentiation where its depletion causes a greater and 

significant reduction in neutral lipid accumulation (Fig. 3.14c). In mice, ectopically 

expressed lipin-3 can rescue the adipogenic defect of fld embryonic fibroblasts [319], 

suggesting that overexpression of lipin-3 can compensate for the lack of lipin-1 in mice. 

Furthermore, Csaki et al. [263] suggest that lipin-1 and -3 function together to 

determine adiposity in mice. They showed that lipin-3 cooperates with lipin-1 to 

determine optimal PAP1 activity by regulating lipin-1 levels and subcellular 

localization.  

Overall, the weaker effects of single lipin knockdowns on gene expression and on 

neutral lipid accumulation at terminal differentiation (day 10) compared with early 

stages (day 4) suggest that cells overcome the initial impairment of adipogenesis and 

lipogenesis. Based on this observation, we aimed to study possible compensation 

mechanisms for bypassing the lack of PAP1 activity, both among lipin members and on 

alternative pathways.  

 

3.2.4.3. COMBINATORIAL SILENCING OF LIPINS DOES NOT 
FURTHER ALTER THE PHENOTYPE OF MATURE 
ADIPOCYTES 

To investigate whether compensation by other lipin family members might help cells to 

recover the initial alterations shown at day 4 of differentiation (Fig. 3.10 and 3.11), we 

used a combinatorial knockdown to deplete combinations of two or the three lipins in 

SGBS pre-adipocytes (see Methods), and analysed cells at day 10 of differentiation (as 

in Fig. 3.12a).  
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All combinatorial knockdowns lead to the depletion of all members of the lipin family 

with one exception, double LPIN1 and LPIN3 knockdowns led to an upregulation of 

lipin-2 protein levels (Fig. 3.16a and b). This compensatory pattern hindered the 

efficiency of LPIN2 knockdown in the double (LPIN1 and LPIN2) and triple 

knockdown cells. Precisely, the triple knockdown is the most resistant to lipin depletion 

due to compensations between members. Nevertheless, PAP1 activity in the triple 

knockdown was residual compared with the control (0.18 ± 0.31 vs. 39.29 ± 3.42 

nmol/min/mg).  

 

 

FIGURE 3.16 Combinatorial depletion of lipins in SGBS pre-adipocytes after full differentiation. 
Multiple knockdowns of lipin members were performed in pre-adipocytes, adipogenesis was 
induced (day 0) and cells were collected at day 10. (a) Lipin protein levels (n = 3–6), (b) pieces 
of a representative Western blot, (c) fatty acid (FA) and glucose incorporation into TAGs in the 
triple knockdown (control, fatty acids: 493.4 ± 226.4 arbitrary units TAG/µg protein, glucose: 
3.51 ± 2.26 arbitrary units TAG/µg protein) (n = 3), and (d) total TAG content (controls: 71.11 
± 36.40 and 101.79 ± 76.15 mmol l−1 mg−1 for double and triple knockdowns, respectively) (n 
= 5) were analysed. Data represent mean ± SD of fold increase over non-targeting controls 
[nT]; *p<0.05, **p<0.01, ***p<0.001; General Lineal Model Univariate test. White bars, 
LPIN1 and LPIN2 knockdown; light grey bars, LPIN1 and LPIN3 knockdown; dark grey bars, 
LPIN2 and LPIN3 knock- down; black bars, triple knockdown 

0 

0.5 

1.0 

1.5 

2.0 

2.5 

3.0 

3.5 

4.0 

Lipin-1 Lipin-2 Lipin-3 

Pr
ot

ei
n 

le
ve

l (
fo

ld
) 

** 
* 

*** *** 

*** 

*** 
*** 

*** 

*** *** *** 

a

nT  L12  L13  L23    nT   L123
α-lipin-1

α-lipin-2

α-lipin-3

α-GAPDH

siRNA

0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 

FA Glucose 

In
co

rp
or

at
io

n 
in

to
 T

AG
s 

(fo
ld

) 

* 

0 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

 LP
IN

1,-
2 

LP
IN

1,-
3 

LP
IN

2,-
3 

LP
IN

1,-
2,-

3 

TA
G

 le
ve

l (
fo

ld
) 

siRNA 

*** 

dc

b



Chapter 3: The lipin family in human adipocytes 
 

 118 

Despite the almost complete lack of PAP1 activity, neutral lipid accumulation was not 

totally compromised in the triple knockdown (Fig. 3.16c). This is in agreement with the 

fact that deleterious mutations in LPIN1 do not affect adipose tissue development in 

humans [268], and it suggests that it is unlikely to be due to a compensatory 

upregulation of lipin-2 (Fig. 3.12c, and 3.16a), since the double LPIN1 and LPIN2 

knockdown (Fig. 3.16c) shows a similar reduction in the content of neutral lipids to 

single LPIN1 knockdown (Fig. 3.14c). On the other hand, the double LPIN1 and LPIN3 

knockdown do not intensify the reduction in neutral fat accumulation observed in single 

lipin-3-depleted cells (Fig. 3.14c), suggesting that lipin-3 may not cooperate with lipin-

1 as described in mice [263]. 

Moreover, depletion of all three lipins did not significantly affect fatty acid 

esterification into TAGs and only slightly downregulated alpha-glycerophosphate 

synthesis/ DNL (Fig. 3.16d), pointing to an improvement compared with day 4 (day 4 

incorporation of fatty acids: 0.52 ± 0.35, p=0.006, and of glucose: 0.32 ± 0.15, p<0.001, 

fold over the control level). In the triple knockdown, the reduction in fatty acids and 

glucose incorporation into TAGs (Fig. 3.16d) was milder that the obtained with single 

knockdown of any lipin (3.14b).  

To conclude, we found that SGBS pre-adipocytes with a combinatorial silencing of 

lipins, and even the triple knockdown, maintain the ability to incorporate fatty acids into 

TAG and accumulate neutral lipids despite the loss of nearly all PAP1 activity. Thus, 

these cells may have available non-lipin compensation mechanisms for adipogenesis 

and TAG synthesis. 

 

3.2.4.4. SILENCING OF A SINGLE LIPIN ALTERS THE 
SUBCELLULAR LOCALIZATION OF THE OTHER 
PARALOGS 

An additional level of complexity is added by the intranuclear roles of lipin-1[267, 278]. 

Previously, we have shown that all lipin members are localised in the soluble, 

intranuclear and membrane fractions (Fig. 3.8). Moreover, the interaction among lipin 

family members triggers their subcellular localisation [263, 291]. Therefore, we next 

aimed to study the subcellular localization of lipins in response to lipin single depletion. 

In this experiment, we obtained subcellular fraction lysates and analysed the fold 

induction of each lipin protein over the non-targeting control by normalising the amount 
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of protein with a subcellular marker (soluble: GAPDH, intranuclear: tubulin, and 

membrane fraction: calnexin).  

 

 

FIGURE 3.17 Lipins subcellular localization in single Lipin knockdowns in SGBS adipocytes. 
Knockdown of single lipins was performed in pre-adipocytes, adipogenesis was induced (day 
0) and cells were collected at day 10. Cell lysates were fractionated in soluble, intranuclear and 
membrane compartments. Equal protein amounts were loaded on a 8% SDS-PAGE and 
immunobloted with the indicated antibodies. (a) Portions of a representative Western blot is 
shown. Lipin-1 (b), lipin-2 (c) and lipin-3 (d) protein levels were analysed in every fraction 
and expressed as fold induction over the non-targeting control [nT] (n=3). Data represent mean 
± SD of fold increase over non-targeting controls. *p<0.05, **p<0.01, ***p<0.001; Student T 
test. Light grey bars, soluble fraction; medium grey bars, intranuclear fraction; dark grey bars, 
membrane fractions. 

The compensation among lipin members was similar to total lysates (Fig. 3.12c). 

Nevertheless, fold induction over the control showed distinct behaviours in the 

subcellular fractions (Fig. 3.17), with a clear knockdown resistance of the membrane-

bound proteins, for lipin-1 and lipin-2, compared with the soluble and intranuclear 

fractions (Fig. 3.17b and c). Because lipins need to be translocated to the membranes to 

exert their function, these results may indicate that silencing of any lipin leads to the 

localization of the remnant protein into the membranes, and consequently to the 

activation of a majority of the remaining enzyme. Nevertheless, upon single lipin-1 or 

triple lipin depletion, PAP1 activity is negligible at day 10 of differentiation (3% and 

0.5% of the control, respectively) (Fig. 3.12e and 3.2.4.3).  
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However, although we have previously shown that lipin-2 and lipin-3 single depletion 

downregulate lipin-1 protein levels (Fig. 3.12c), it befalls also to the membrane 

fractions compared to the non-targeting control (Fig. 3.17b). 

Single lipin silencing also reduces the intranuclear localisation of lipin-1 (lipin-2 

depletion) and lipin-3 (lipin-1 and lipin-2 depletion) (Fig. 3.17b and d). Reciprocally, 

soluble lipin-2 is altered with lipin-1 and lipin-3 knockdown (Fig. 3.17c) and lipin-2 

knockdown alters the soluble fractions of the other paralogs (Fig. 3.17b and d). 

Overall, these results sustain an interaction among lipin members that influences their 

subcellular localization. On the other hand, reduced PAP1 activity, caused by lipin-1 

depletion, and nuclear lipin-1 localisation is not compensated by the other paralogs. 

 

3.2.5. COMPENSATION MECHANISMS TO BYPASS LIPIN 
DEPLETION 

3.2.5.1. TAG CONSUMPTION IS REDUCED IN LIPIN-DEPLETED 
SGBS ADIPOCYTES 

Adipocytes play a key role in energy homeostasis, balancing TAG storage and FA 

release in response to metabolic demands [108, 255]. Lipid droplets accumulate neutral 

lipids in a dynamic manner, with a balance among lipid biosynthesis, lipid hydrolysis 

and fatty acid oxidation (FAO) in mitochondria. Next, we analysed the rates of lipolysis 

and beta-oxidation to test whether lipin-depleted cells protect their intracellular neutral 

lipids by reducing its consumption.  

Palmitate oxidation analysis showed similar fatty oxidation rates in the control, single 

(Fig. 3.18a) and triple knockdown (Fig. 3.18b). FAO is not a major pathway in 

adipocytes, and the majority of the fatty acids produced by the lipolytic pathway are 

recycled or released to the blood stream [200].   

Glycerol release, as an indicator of the lipolysis rate, was measured at day 10 of 

differentiation. Glycerol levels were downregulated, compared with controls, in the 

single (Fig. 3.18c), and in all combinatorial knockdowns (Fig. 3.18d).  

Thus, the reduced lipolytic rates imply the reduction of the neutral lipid consumption 

and may contribute to their accumulation in lipin-depleted adipocytes. Previous studies 

reported a role for lipin-1 in basal lipolysis and FAO in mice. First, lipin-1 deficiency 

downregulates basal lipolysis by modulating phosphodiesterase 4 activity [315]. 
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Furthermore, lipin-1 modulates FAO by transcriptional co-regulation of the 

PPARα/PGC1α axis [267]. We show that all combinatorial knockdowns of lipins 

downregulate basal lipolysis to a greater extent than the reduction of neutral lipid 

content (Fig. 3.16c). Thus, our results suggest a compensation strategy to accumulate 

near-normal neutral lipid levels, by inhibiting TAG hydrolysis. 

 

 

 

 

3.2.5.2. THE LPP FAMILY IS UPREGULATED UNDER 
CONDITIONS OF LIPIN DEPLETION 

We show that the depletion of all lipins in SGBS pre-adipocytes maintains the ability to 

incorporate FAs into TAG and accumulate neutral lipids despite loss of nearly all PAP1 

activity. Our data suggest a lack of an essential role of PAP1 activity in human 

adipogenesis, which is not due to compensation by other members of the lipin family. 

This fact is also evidenced by the subcellular localization of lipins (3.2.4.4). Moreover, 

possible alternative mechanisms for TAG synthesis have been previously suggested in 
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FIGURE 3.18 Consumption of 
neutral lipids in fully differentiated 
lipin-depleted SGBS pre-adipocytes. 
Knockdown of single, double and triple 
lipin family members was performed in 
pre-adipocytes, adipogenesis was 
induced (day 0) and cells were 
collected at day 10. Palmitate oxidation 
rates in (a) single (control: 0.77 ± 0.37 
nmol h-1 mg-1) (n = 3), and (b) triple 
(control: 0.63 ± 0.28 nmol h-1 mg-1) 
knockdowns (n = 3). Glycerol release 
in (c) single (control: 0.42 ± 0.12 mmol 
l-1 mg-1) (n = 3), and (d) combinatorial 
knockdowns (controls, double: 0.36 ± 
0.21, and triple: 0.21 ± 0.07 mmol l-1 
mg-1) (n = 5) were analysed. Data 
represent mean ± SD of fold increase 
over non-targeting controls; **p<0.01, 
***p<0.001; General Lineal Model 
Univariate test. (a) White bars, LPIN1 
knockdown; grey bars, LPIN2 
knockdown; black bars, LPIN3 
knockdown; (b, c) white bars, LPIN1 
and LPIN2 double knockdown; light 
grey bars, LPIN1 and LPIN3 double 
knockdown; dark grey bars, LPIN2 and 
LPIN3 double knockdown; black bars, 
triple knockdown 
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lipin-depleted mouse adipocytes [262]. Therefore, we next analysed pathways that do 

not involve lipins and may compensate for the lack of PAP1 activity to maintain neutral 

lipid content to near normal levels, supported by the reduced TAG consumption.  

 

 
FIGURE 3.19 Effects of lipin depletion on cholesteryl esters. Knockdown of single, double and triple 

lipin family members was performed in pre-adipocytes, and adipogenesis was induced (day 0). 
Abundance of significantly changed species of cholesterol and cholesteryl esters at day 4 (a) 
(n=4) and day 10 (b) (n=6) was analysed. Data represent mean ± SD of fold increase over non-
targeting controls. *p<0.05, **p<0.01, ***p<0.001, General Lineal Model Univariate test. 
White bars, LPIN1 knockdown; grey bars, LPIN2 knockdown; black bars, LPIN3 knockdown. 

First, we assessed cholesteryl ester metabolism. Cholesteryl esters also form part of 

lipid droplets and can compensate TAG accumulation deficiency in muscle [296] and 

macrophages [420]. The lipidomic analysis showed an increase of some cholesteryl 

ester species, mainly in lipin-2-depleted pre-adipocytes at day 4 of differentiation (Fig. 

3.19a), and cholesterol levels at day 10 (Fig. 3.19b). 

Nevertheless, total cholesteryl esters levels are likely not significantly upregulated since 

lipin depletion triggered similar reduction of neutral lipid content by Oil red O staining 

and TAG content. In the single lipin-1 knockdown, Oil red O stained was 0.76 ± 0.06 

arbitrary units and TAG was 0.85 ± 0.13 nmol l-1 mg-1 fold over the control. And in the 

triple lipin knockdown, Oil red O was 0.74 ± 0.12 arbitrary units and TAG, 0.54 ± 0.33 

nmol l-1 mg-1 fold over the control. Thus, despite a possible role of lipin-2 in cholesteryl 

ester biosynthesis, our results do not support a compensation of neutral lipid 

accumulation by the increase of these species. Nevertheless, future studies should 

investigate the physiological consequences of lipin-2 regulation of cholesterol and 

cholesterol ester species. 

Another possibility for bypassing lack of PAP1 activity might be the monoacylglycerol 

O-acyltransferase (MOGAT) pathway. The MOGAT family, composed of three genes 
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(MOGAT1, MOGAT2 and MOGAT3), represents an alternative mechanism to generate 

DAG from MAG, avoiding the needs for phosphatidate. This pathway plays an 

important role in enterocytes [140], and some extraintestinal tissues, such us adipocytes 

[421]. We aimed to study whether this pathway was upregulated in conditions of 

depletion of PAP1 activity in human adipocytes. We found no evidence, at the mRNA 

level, of upregulation of either of the MOGAT isoforms, which were in the limit of 

detection (data not shown). Similar results were found in lipin-1 and lipin-2 double 

depletion in 3T3-L1 adipocytes [262]. 

Finally, we analysed whether the Mg2+-independent LPPs could provide an alternative 

pathway for DAG synthesis. LPP enzymes are membrane proteins that dephosphorylate 

a wide range of lipid phosphates, including phosphatidate, and influence several 

signalling pathways [312]. LPPs enzymes (codified by LPP1, LPP2 and LPP3 genes) 

act on the outer surface of plasma membrane and in the lumenal surface of ER and 

Golgi membranes [312]. Nevertheless, a role for LPPs in phosphatidate intracellular 

levels regulation has been suggested [314]. 

At day 10 of differentiation, expression of LPP3 (PPAP2B) was upregulated in the 

single (Fig. 3.20a) and in the combinatorial lipin knockdowns (Fig. 3.20b). Besides, 

LPP activity was highly induced in the lipin-1 single knockdown (Fig. 3.20c), and in the 

triple knockdown (Fig. 3.20d).  

Moreover, similarly to the expression of the lipogenic genes, transcript levels of LPPs at 

day 4 of differentiation showed higher upregulation compared with day 10 (Fig. 3.20e). 

Lipin-1-depleted cells exhibited a significant induction in all three LPP members. 

Although LPP activity was not induced at day 4 (Fig. 3.20f), the former upregulation of 

gene expression at day 4 might reveal a compensatory mechanism evidenced by 

increased LPP activity at day 10 (Fig. 3.20c). 

Therefore, to confirm the LPP induction upon lipin depletion, we performed the same 

analysis with another commercial source of siRNA to deplete the lipin members (Fig. 

3.21). At day 4 of differentiation, protein expression of the lipin family was analysed to 

confirm the knockdown (Fig. 3.21a). Gene expression of LPPs was analysed in lipin-1-

depleted cells and showed a similar trend of induction (Fig. 3.21b). 
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FIGURE 3.20 The LPP family is induced under conditions of repressed lipin expression. 
Knockdowns of single (a, c, e, f), double, and triple (b, d) lipin family members were 
performed in pre-adipocytes, adipogenesis was induced (day 0) and cells were collected at day 
4 (e, f) and 10 (a-d). Day 10 expression levels of the LPP family in (a) the single (n = 7) and 
(b) combinatorial knockdowns (n = 4–7), and LPP activity in (c) the single (control: 6.01 ± 
0.60 nmol min-1 mg-1) (n = 3) and (d) triple knockdowns (control: 4.82 ± 0.53 nmol min-1 mg-1) 
(n = 3). Day 4 (e) expression levels of the LPP family in the single (n = 3) and (f) LPP activity 
in the single knockdowns (control: 2.42 ± 0.89 nmol min-1 mg-1) (n = 3). Data represent mean ± 
SD of fold increase over non-targeting controls (a–d) or untreated controls (f); *p<0.05, 
**p<0.01, ***p<0.001; General Lineal Model Univariate test. (a, c, e, f) White bars, LPIN1 
knockdown; grey bars, LPIN2 knockdown; black bars, LPIN3 knockdown; (b, d) white bars, 
LPIN1 and LPIN2 double knockdown; light grey bars, LPIN1 and LPIN3 double knockdown; 
dark grey bars, LPIN2 and LPIN3 double knockdown; black bars, triple knockdown  
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Interestingly, LPP activity remained unchanged in differentiated lipin-depleted 3T3-L1 

pre-adipocytes [262, 287]. In SGBS adipocytes, LPP activity increased from 15% of the 

PAP1 activity in the control to 52% in lipin-1-depleted cells and, thus, could represent 

an important compensatory mechanism. 

Next, we aimed to investigate whether the inhibition of both phosphatidate phosphatase 

families could block neutral lipid accumulation in adipogenesis by using propranolol. 

Propranolol, a nonspecific ß-blocker, is an effective PAP1 activity inhibitor and 

modestly inhibits LPP activity, with the LPP3 isoform being more sensitive to inhibition 

[406]. Propranolol treatment during adipogenesis (Fig. 3.22a) alters SGBS adipogenesis 

(Fig. 3.22b), which showed a fibroblast-like shape even at day 10 of differentiation, 

more similar to pre-adipocytes. Furthermore, propranolol-treated-adipocytes did not 

exhibit large LDs as control adipocytes. 

 

 

FIGURE 3.21 Induction of the LPP family is confirmed by using another source of siRNA against 
lipins. Single lipin knockdowns, and the corresponding non-targeting control, were performed 
in SGBS pre-adipocyte cells by using siRNA from two different sources and cells were 
collected on day 4 after differentiation. (a) Representative portions of Western blots of extracts 
from cells transfected with siRNA from Dharmacon (non-targeting control, [nT]). (b) 
Transcript levels of cells transfected with anti LPIN1 siRNA from both Dharmacon and 
Ambion were analysed (n=4-5), Student T test. Data represent mean ± SD of fold increase over 
non-targeting controls. *p<0.05, **p<0.01, ***p<0.001. White bars, Dharmacon siRNAs; 
black bars, Ambion siRNAs. 

To further study the effects of PAP1 and LPP activities inhibition, we stained 

propranolol-treated SGBS cells with Oil red O. At day 10 of differentiation, control 

cells accumulated a high number of large lipid droplets that were stained with Oil red O, 

whereas most of propranolol-treated day 10 cells do not exhibit visible Oil red O 

staining (Fig. 3.22c-d).  
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FIGURE 3.22 Propranolol treatment during adipogenesis blocks LD biogenesis. (a) SGBS pre-
adipocytes were induced to differentiate in the presence of 100 µmol/l propranolol (PrPol). (b) 
Contrast-phase microscopy shows that LD formation throughout adipogenesis is blocked in 
propranolol-treated cells. (c) Oil Red O staining of neutral lipids was quantified at day 4, day 7 
and day 10. (n=3) Student T test. (d) Representative staining of neutral lipids at day 10 of 
differentiation. Data represent mean ± SD of fold increase over day 4 controls . *p<0.05. White 
bars, controls; black bars, propranolol-treated cells.  

Next, we sought to study the expression of adipogenic and lipogenic genes. We found 

that propranolol mimics the effects of lipin silencing (Fig. 3.23). First, propranolol 

treatment decreased the expression of two key adipogenic and lipogenic transcription 

factors, PPARγ and SREBP1. Second, the expression of lipogenic genes, such as 
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and LPP3 isoforms were induced. Curiously, LPIN2 transcript levels, but not LPIN1 or 

LPIN3, were also induced. 

  

 

FIGURE 3.23 Propranolol treatment in SGBS adipogenesis downregulates lipogenic genes. SGBS 
pre-adipocytes were induced to differentiate in the presence of 100 µmol/l of propranolol 
(PrPol). mRNA levels of lipogenic genes were analysed (n = 3). Data represent mean ± SD of 
fold increase over untreated controls. **p<0.01, ***p<0.001; General Lineal Model Univariate 
test. White bars, propranolol-treated cells 

Together, these results support our previous assumption about a possible compensation 

role of LPPs in the absence of lipins. However, this fact must be taken with caution 

because of the non-specificity of this compound. Moreover, due to the localization of 

their active motif in the luminal surface of the ER and Golgi membranes [312], it is not 

clear whether they can access to the phosphatidate formed from glycerol phosphate and 

acyl-CoA in the cytosol. However, in yeast, TAG synthesized both in the cytosolic and 

luminal leaflets of the ER membranes are efficiently packed into lipid droplets [422].  

Overall, the initial assumption that lipins are involved in TAG and phospholipid 

biosynthesis, whereas LPPs have a role in lipid signalling is starting to be questioned 

[312]. It has been reported that lipins metabolize PLD-produced phosphatidate in 

several cell types, including mice adipocytes [290, 315] and they have been involved in 

a growing number of signalling pathways [265, 266, 287, 290, 316-322, 326, 327, 305, 

323-325]. 

Importantly, contrary to our results, lipin silencing in mouse adipocytes does not cause a 

significant increase in LPP mRNA expression or LPP activity [262, 287]. Based on our 

findings, this difference might explain the consequences of lipin-1 disruption in human 

adipose tissue compared with rodents. Nevertheless, more work is clearly required to 
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decipher whether LPPs or other unknown pathways may compensate lack of PAP1 

activity. 

3.2.6. ALTERED METABOLISM OF PHOSPHOLIPIDS UPON 
LIPIN DEPLETION 

Lipins have also an important role in phospholipid biosynthesis from phosphatidate and 

DAG [281]. Therefore, we sought to study phospholipid biosynthesis in lipin-depleted 

SGBS adipocytes. For this, the expression levels of genes involved in the Kennedy, 

CDP-DAG, and methylation pathways, the remodelling pathway or Land´s cycle and 

DGKs (see 1.4.5. and 1.5.5.1.3.), were analysed at day 4 (Fig. 3.24a, c, e) and day 10 of 

differentiation (Fig. 3.24b, d, f). 

Firs, we studied the expression levels of three isoforms of the DGK family (DGKA, 

DGKD and DGKH) which convert DAG into phosphatidate. It has been previously 

reported that DGKD and DGKH are highly expressed in adipose tissue [328]. Besides, 

DGKD plays a role in adipogenesis and lipid synthesis [423] and has been associated to 

insulin resistance [330], whereas DGKH regulates cellular processes, including 

proliferation and differentiation [424]. On the other hand, DGKA is expressed at low 

levels in the adipose tissue [328], but is induced upon fatty acids supplementation [425, 

426]. Contrary to what was expected, DGKA and DGKH were induced mainly at day 10 

(Fig. 3.24a-b). The consumption of phosphatidate by other alternative pathways, such as 

the LPP family and the Land´s cycle, could explain these results. 

The CDS family expression was also evaluated. CDS1 and CDS2 catalyse the synthesis 

of CDP-DAG from phosphatidate and regulate adipogenesis and lipid storage [234]. In 

human adipocytes, these synthases generate different CDP-DAG pools that may serve 

to enrich different species [427]. Contrary to CDS1, whose levels remain in the limit of 

detection and unchanged upon lipin depletion (data not shown), CDS2 transcript levels 

were upregulated in lipin-depleted adipocytes at day 4 (Fig. 3.24c), which might point 

to the targeting of the phosphatidate to phospholipid (PI and PG) biosynthesis [234]. In 

fact, the depletion of any of the CDS isoforms leads to decreased differentiation of 3T3-

L1 cells that it is thought to be due to the accumulation of phosphatidate, in a similar 

way as Lpin1-depletion inhibits mouse adipogenesis [234]. On the contrary, the 

overexpression of CDS1 or CDS2 in Lpin1-silenced HeLa cells downregulates the 

accumulation of phosphatidate [234].   
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The expression levels of ISYNA1 were also upregulated in lipin-depleted cells (Fig. 3.c-

d). ISYNA1 catalyses the rate-limiting step in the myoinositol biosynthesis pathway, 

and its induction might point to an upregulation of PI formation. Besides, the expression 

of this enzyme is induced in early stages of differentiation in mouse cells [428].  

 

 

FIGURE 3.24 Effects of lipin depletion on the expression of phospholipid synthesis genes. 
Knockdowns of single lipin family members were performed in pre-adipocytes, adipogenesis 
was induced (day 0) and cells were collected at day 4 (a, c, e) and 10 (b, d, f). Expression 
levels of some DGK members (a, b), genes of phospholipid biosynthesis (c, d) and the 
remodelling enzymes (e, f) were analysed at day 4 (n=3) and day 10 (n=4) of differentiation. 
Data represent mean ± SD of fold increase over non-targeting controls; *p<0.05, **p< 0.01, 
***p<0.001; General Lineal Model Univariate test. White bars, LPIN1 knockdown; grey bars, 
LPIN2 knockdown; black bars, LPIN3 knockdown 

Phosphate cytidylyltransferase 2, ethanolamine (PCYT2), the main regulatory enzyme in 

the de novo synthesis of PE via the Kennedy pathway, was downregulated (see Fig. 
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1.10). Nevertheless, the phospholipid interconversion appears to be shifted towards PE 

synthesis from PC by upregulated PTDSS1 and PISD. Besides, the transmethylation 

pathway was downregulated (PEMT). This latter pathway was believed to be restricted 

to liver cells, although it has also been involved in adipogenesis and in lipid droplet 

stabilization [240, 429]. 

At day 4 of differentiation, the expression levels of genes involved in phospholipid 

biosynthesis and the lysophosphatidylcholine acyltransferases (LPCATs) from the 

remodelling pathway were altered (Fig. 3.24e), whereas the effects were milder at day 

10 (Fig. 3.24f). Importantly, the induction of LPCAT2 and LPCAT 4 might point to the 

Land´s cycle as a mechanism to bypass phosphatidate accumulation. Nevertheless, the 

downregulation of LPCAT3 isoform, especially at day 4 of differentiation, makes this 

possibility unlikely. LPCAT3 has been recognized as the main member of the family in 

adipocytes, and the phospholipid remodelling catalysed by this isoform has been 

associated with adipocyte differentiation [247].  

Whereas lipin-1 is induced by adipogenic stimuli, lipin-2 and lipin-3 are already 

expressed in pre-adipocytes. Thus, lipin-2 and lipin-3 may have a role in early 

adipogenesis likely by regulating phospholipid levels rather than shifting phosphatidate 

hydrolysis to TAG synthesis. In fact, the present study shows that both lipin-2 and lipin-

3 single knockdowns, but not lipin-1, downregulate PEMT expression on day 4, which 

could affect PC and PE levels or could be a consequence of altered phospholipid levels. 

PEMT expression is induced with adipogenesis in mouse adipocytes and its disruption 

hinders high-fat-diet-induced obesity [157].  

We next aimed to perform a lipidomic analysis to get phospholipid patterns upon lipin 

depletion. We performed an untargeted analysis, which allowed us to obtain a complete 

metabolic profile and to identify metabolites between different types of samples, 

through statistical techniques. Later on, the identification of the regulated compounds 

was confirmed by a targeted MS/MS analysis.  

No significant changes have been found in PE levels but we observed a downregulation 

of abundance of several PC species in all single lipin knockdowns at day 4 of 

differentiation (Fig. 3.25a). These changes were higher in lipin-2- and lipin-3-depleted 

cells, compared with lipin-1-depletion. However, lower changes were found in PC 

species at day 10 of differentiation, pointing to the fact that, as TAG levels, 

phospholipid biosynthesis recovers throughout adipogenesis (Fig. 3.25b). 
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To further study the role of lipins in the regulation of phospholipid biosynthesis we 

analysed correlation of expression levels in paired SAT and VAT biopsies from 73 

subjects (whose characteristics are described in Temprano et al. [397]). A positive 

correlation of genes involved in phospholipid synthesis (CDS1, PCYT1, PCYT2 and 

PEMT) with lipin-2 and lipin-3 transcript levels was found, but not with lipin-1 (Table 

3.4).  

Together, these results suggest that all three lipin members might be involved in the 

regulation of TAG synthesis but also phospholipid biosynthesis, which are important for 

the initiation and stabilization of lipid droplets. The link between phospholipids and 

adipogenesis are beginning to be elucidated. Phospholipids and phosphatidate are 

involved in early adipogenesis and LD formation and stabilization [157, 240, 241, 319, 

320]. Moreover, a role for LPCAT3 in the activation of PPARγ and promotion of 

adipogenesis by the incorporation of arachidonic acid into membrane phospholipids has 

been proposed [247].  
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FIGURE 3.25 Relative 
abundance of PC species in 
lipin-silenced SGBS 
adipocytes. Knockdowns of 
single lipin family members 
were performed in pre-
adipocytes, adipogenesis was 
induced (day 0) and cells 
were collected at day 4 (a) 
and 10 (b). Abundance of 
phospholipid species was 
analysed at day 4 (n=4) and 
day 10 (n=6) of 
differentiation. Data represent 
mean ± SD of fold increase 
over non-targeting controls 
only of the species that 
showed statistical changes; 
*p<0.05, **p<0.01, 
***p<0.001; General Lineal 
Model Univariate test. White 
bars, LPIN1 knockdown; 
grey bars, LPIN2 
knockdown; black bars, 
LPIN3 knockdown  
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TABLE 3.4 Correlation analysis of transcript levels. mRNA of SAT and VAT biopsies from 73 
subjects were analysed. Pearson coefficient of correlation analysis is shown. **p<0.01, 
***p<0.001. ap<0.05 and statistical power<80%. 

 

3.3. CONCLUDING REMARKS 

Overall, the depletion of lipins may alter adipogenesis in different manners. Lipin-1 

depletion almost abolishes PAP1 activity. On the other hand, lipin-2 and lipin-3 also 

play a role in adipogenesis, especially at early stages, and in phospholipid biosynthesis, 

which may affect lipogenesis and adipogenesis. Nevertheless, due to compensation 

mechanisms, the effects on neutral lipid accumulation are mild especially in mature 

adipocytes. This compensation is unlikely due to other lipins but by activating other 

pathways (such as LPPs), and by inhibiting TAG hydrolysis.  

 
SAT VAT 

LPIN1 LPIN2 LPIN3 LPIN1 LPIN2 LPIN3 

CDS1 0.005 0.411***  0.283a  0.013 0.524***  0.330**  

PCYT1 0.015 0.842***  0.863***  0.200 0.824***  0.651***  

PCYT2 0.274a 0.667***  0.668***  0.457*** 0.665***  0.572***  

PEMT -0.119  0.291a   0.319**  0.270a   0.524***  0.422***  
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4. CHAPTER 4: ROLE OF LIPINS IN LIPOLYSIS 
AND FATTY ACID RECYCLING  

 

4.1. INTRODUCTION 

4.1.1. LIPOLYSIS IN OBESITY AND TYPE 2 DIABETES 

Hydrolysis of WAT lipid stores results in increased plasma fatty acid levels. The study 

of the lipolytic pathway constitutes an important field of study since increased NEFA 

vascular levels have been linked with the development of the obesity-associated 

comorbidities, including diabetes [430, 431]. Furthermore, obese WAT is characterised 

by insulin resistance, increased lipolysis and impaired mitochondrial function [50-52]. 

On the contrary, the administration of antilipolytic drugs in obese and type 2 diabetes 

subjects has been reported to enhance insulin sensitivity [432]. 

Fat mobilization is regulated by various mechanisms. Despite the fact that obesity is 

associated with increased lipolysis, the stimulation of the lipolytic pathway by 

catecholamines, one of the major lipolytic hormone stimuli in humans, is impaired. Two 

main causes of this dysregulation have been identified: the impairment of 

catecholamines response [433, 434] and the reduction in HSL expression levels, the 

main lipase for catecholamine-stimulated lipolysis [435, 436].  

 

4.1.2. THE ROLES OF THE LIPIN FAMILY IN THE LIPOLYTIC 
PATHWAY 

In AT, PAP1 activity is decreased by long-term starvation and diabetes, resulting in 

decreased TAG synthesis and increased lipolysis [271]. Nevertheless, 24 hours of 

starvation does not alter total PAP1 activity [271] but reduces the activity in the soluble 

fraction [344], which may implicate an increase of the microsomal activity. Moreover, 

(1) the induction of Lpin1 expression levels in AT after fasting [351], (2) its direct 

relationship with lipolysis rate and plasma NEFAs concentration [315], as well as (3) 

the induction of PAP1 activity after lipolytic stimulation in rat fat cells [437], point to 

an important role of these enzymes in the lipolytic pathway. Last, lipolytic stimulation 

induces lipin-1 dephosphorylation and association to microsomal membranes in 3T3-L1 

adipocytes [275]. 
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In mice, lipin-1 has a recognized role in the inhibition of lipolysis by controlling 

phosphatidate levels, which are necessary to promote the negative loop that inhibits the 

lipolytic pathway stimulation [315]. During induced-lipolysis, increased levels of cAMP 

by AC activate PKA. In adipocytes, PDE enzymes regulate PKA signalling and their 

activity has been related with phosphatidate levels [438, 439]. On the other hand, 

increased phosphatidate levels can activate mTOR signalling and subsequent PDE4 

activity. In turn, PDE4 degrades and decreases cAMP levels, forming a negative 

regulation loop that controls induced lipolysis [315, 438]. Mitra et al. [315] reported 

that lipin-1 is able to metabolise the signalling pool of phosphatidate and, thus, prevents 

activation of PDE4. 

In humans, LPIN1 expression in AT is associated with transcript levels of HSL, ATGL 

and perilipin [401]. On the other hand, we showed that depletion of lipins in SGBS pre-

adipocytes inhibited lipolysis after induction of differentiation as a potential mechanism 

to maintain neutral lipid accumulation [397]. Therefore, we believe that the study of the 

role of the lipin family in human lipolysis might help understanding their association 

with metabolic diseases. 

 

4.1.3. LIPOLYSIS, THE TAG/FATTY ACIDS CYCLE AND LIPINS 

In humans, up to 40 per cent of fatty acids released from AT are re-esterified [200, 213]. 

The recycling ratio remains constant during different metabolic states [200], except on 

conditions of induced lipolysis [168]. Fatty acids can be recycled both in AT and other 

peripheral tissues, but AT has been recognised as the main organ in charge of fatty acid 

re-esterification in rats [440]. AT accounts for 20-30 per cent of total body recycling, 

mainly by re-esterification [200].  

In primary human adipocytes, Edens et al. reported that fatty acids, released by 

adipocytes to the extracellular medium, can be taken up again into a pool destined to 

esterification [441]. Nevertheless, they did not find evidence of a re-esterification 

pathway that occurs entirely within the adipocytes. A functional partition of fatty acids 

within the adipocyte would prevent access of lipolysis-derived fatty acids to the 

enzymes of glycerolipid synthesis. In fact, the regulation of this futile cycle appears to 

be at least partially regulated by the fatty acid translocase/CD36 that allows the re-

uptake of fatty acid during lipolysis [226]. 
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Fatty acid re-esterification during lipolysis uses glycerol provided mainly by 

glyceroneogenesis [200, 230]. Alternatively, fatty acids could be reincorporated into 

MAG and DAG for TAG synthesis in adipocytes [133, 168] although DAG re-

esterification is more important than MAG in ASCs [168]. In re-esterification from 

G3P, the lipin family would be part of the process and, thus, we sought to study the role 

of this family in fatty acid re-esterification during lipolysis.  

In mice, the activation of lipin-1 into microsomal membranes upon lipolysis activation 

[275] has been suggested as a mechanism to avoid intracellular fatty acid accumulation, 

by promoting either the futile cycle [295, 351, 442] or FAO [351]. Besides, lipin 

dephosphorylation and translocation was also reproduced with the addition of oleic acid 

[275]. Thus, we sought to investigate the role of all lipins in the futile cycle. 

 

4.1.4. FATTY ACID OXIDATION, MITOCHONDRIAL DYNAMICS 
AND LIPINS 

Lipins also have reported roles in FAO in other tissues [267]. Lipin-1 coactivates PGC-

1α and, consequently, increases the expression of its target genes including PPARα, 

which increases the capacity of mitochondrial fatty acid catabolism [267]. Despite the 

fact that FAO is not a major pathway in adipocytes, the activation of lipin-1 expression 

during fasting may indicate a similar role of lipin-1 in AT [351]. The increase in 

glucocorticoids under situations such as fasting or obesity leads to binding to the GRE 

localised in the Lpin1 promoter that induces its expression [351]. 

Furthermore, lipin-1 also metabolises mitochondrial PLD (PLD6)-produced 

phosphatidate, and promotes mitochondrial fission, suggesting a role in mitochondrial 

morphology homeostasis [290]. 

Overall, these data prompted us to study the lipin family in fatty acid metabolism 

regulation of human adipocytes. 
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4.2. RESULTS AND DISCUSSION 

4.2.1. FORSKOLIN STIMULATES LIPOLYSIS AND INDUCES 
LIPID DROPLET DISAGGREGATION IN MATURE 
ADIPOCYTES 

As mentioned above, catecholamines are one of the main lipolytic stimuli in human AT, 

and act by bounding to ß-adrenergic receptors (see 1.4.4.4.). To simulate the 

catecholamine-induced lipolysis in SGBS adipocytes, we used several means: (1) 

isoproterenol is a beta-adrenergic agonist [433], (2) forskolin stimulates adenylyl 

cyclase activity in adipocyte membranes, promoting cAMP production and stimulating 

lipolysis [444], and (3) 8-CPT-cAMP is a cell-permeable and stable cAMP analogue 

[445]. In our experiments, forskolin was used as the main inductor of lipolysis, since it 

showed faster and longer action than the other stimuli. 

 

 

FIGURE 4.1 Induction of lipolysis in mature SGBS adipocytes. (a) Confluent SGBS cells were 
induced to differentiate to adipocytes for four days, and cells were then maintained for nine 
days. Fully differentiated adipocytes were rested in basal medium and then stimulated with 
0.5µM forskolin [Fos]. Cells were collected at different time points. (b) Glycerol release to the 
medium was quantified as described in Methods, normalised by protein content and expressed 
as fold induction over untreated cells for four hours (0.018 ± 0.016 µmol l-1 mg-1) (n=4). (c) 
Portions of Western blot from a representative experiment and quantification of HSL 
phosphorylation at S563, normalised by actin levels and expressed as fold induction over the 
control at four hours (n=4). Data represent mean ± SD; *p<0.05. Student T-test. (b, c) White 
bars, controls; black bars, forskolin-stimulated adipocytes. 

0 

1 

2 

3 

4 

5 

6 

H
S

L-
S

56
3 

/ t
H

S
L 

(fo
ld

) 

* 

* 
* 

0 

5 

10 

15 

20 

4 8 16 24 

G
ly

ce
ro

l r
el

ea
se

 (f
ol

d)
 

time (h) 

* 

* 

* 

0

0.5 M Fos  -  +   -  +  -   +  -   + 

-HSL-S563 

-HSL 

   4       8     16    24
time (h)

a

b c

Media supplements:
Day: -3   0    4                       12  13 14

0.5 µM Fos

MIX       Insulin



Chapter 4: Role of lipins in lipolysis and recycling 
 

 137 

Briefly, SGBS pre-adipocytes were induced to differentiate and maintained until 

reaching maturity. On day 12, cells were changed to basal media to reach a quiescent 

state and avoid any interference between media supplements and the stimuli. After 24 

hours (day 13), 0.5µM of forskolin was added to basal media and cells were analysed at 

4, 8, 16 and 24h (Fig. 4.1a). To ensure adequate stimulated lipolysis, two recognized 

markers were tested, glycerol release and HSL-Serine563 (S563) phosphorylation 

(equivalent to mouse S552). As shown in Fig. 4.1b and 4.1c, both released glycerol and 

HSL phosphorylation were significantly increased from 8 to 24h. 

LDs size distribution is typically heterogeneous in both mouse and human (see Fig. 

3.5b) mature adipocytes [145]. Nevertheless, the morphological appearance of LDs is 

related to the metabolic conditions [145, 151]. Previously, it was described that induced 

lipolysis leads to disperse and shrink LDs due to the formation of mLDs as a result of 

fatty acid re-esterification [145, 151, 153, 154, 446]. Perilipin-1 is the main isoform in 

adipocytes LDs [447] and persists in mLDs [209, 446]. 

 

FIGURE 4.2 Dispersion of LDs by lipolysis in SGBS adipocytes. Confluent SGBS cells were induced 
to differentiate to adipocytes for four days and cells were then maintained for two days. At day 
6 of differentiation, cells were stimulated with 0.5µmol/l forskolin [Fos] for two hours. At 
different times, cells were fixed and indirect immunofluorescence was performed against 
perilipin (green) and nuclei were stained with Hoechst (blue). Samples were visualized under a 
regular fluorescence microscopy.  

We next aimed to test the effect of lipolytic induction in LDs appearance. To this end, 

day 6-adipocytes were rested for two hours in basal medium, and then lipolysis was 

stimulated with 0.5 µmol/l forskolin during five minutes to two hours (Fig. 4.2a). 

Indirect immunofluorescence was performed with an antibody against perilipin to label 

a

b

Media supplements:
Day: -3   0    4  6

0.5 µM Fos

MIX    Insulin

5 min    10 min  30 min   1 h    2h      2h

    0.5 µM Fos             control
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LDs. We found that this treatment stimulated the dispersion of the LDs in adipocytes by 

the formation of mLDs in the periphery of adipocytes, principally from one hour of 

treatment (Fig. 4.2b). In accordance with previous data, perilipin-1 coated the mLDs 

existing in the periphery of adipocytes [209, 446]. 

It has been previously reported that perilipin phosphorylation by PKA drives the 

remodelling of LDs after a beta-adrenergic stimulus [448, 449]. Besides, during the LD 

remodelling, the mass of perilipin does not increase proportionally to the great increase 

in LD surface area of the mLDs, indicating that the relative perilipin coverage may 

promote increased access of cytosolic lipases to stored TAG by reducing the barrier 

function of perilipin [449]. Thus, in SGBS adipocytes, stimulation of lipolysis with 

0.5µM of forskolin from 1h results in activation of both lipolysis and fatty acid/TAG 

cycle.  

 

4.2.2. EFFECTS OF BSA SUPPLEMENTATION ON INDUCED 
LIPOLYSIS  

Our next aim was to investigate the destination of lipolysis-released fatty acids in SGBS 

adipocytes. Fatty acids can be released out of the cell, re-esterified and oxidised in 

mitochondria. To study fatty acid recycling, lipolysis-stimulated SGBS adipocytes were 

supplemented with BSA. BSA acts as a fatty acid scavenger in the extracellular medium 

and blocks the re-entrance back into the cell and, consequently, fatty acid re-

esterification or oxidation. BSA supplementation resembles physiological conditions, 

where fatty acids released from the adipocytes do not remain in the adipocyte 

extracellular medium but are bound to serum albumin and distributed through the body 

by the blood stream.  

Thus, to investigate the destiny of released fatty acid by induced lipolysis in adipocytes, 

we first assessed fatty acid re-esterification and oxidation. 

 

4.2.2.1. BSA DELAYS HSL PHOSPHORYLATION IN RESPONSE 
TO INDUCED LIPOLYSIS  

mLDs formation was shown from one hour of treatment with 0.5 µmol/l forskolin (Fig. 

4.2b). However, glycerol release and HSL phosphorylation were significantly induced 

form eight hours of treatment (Fig. 4.1). Therefore, we conducted experiments with 



Chapter 4: Role of lipins in lipolysis and recycling 
 

 139 

different duration of treatment, short-term and long-term experiments. For short-term 

experiments, SGBS adipocytes rested in basal medium for two hours followed by 

stimulation of lipolysis during 30 minutes to four hours. In contrast, long-term 

experiments were subjected to a 24h rest and to 4 to 24 hours treatment with forskolin.  

 

 

FIGURE 4.3 Induction of lipolysis in SGBS adipocytes. Lipolysis was induced in SGBS adipocytes 
with 0.5 µmol/l forskolin [Fos] supplemented or not with 2% BSA. Cell lysates were collected 
at different time points. mRNA levels of HSL were quantified, relative to cyclophilin A and to 
control cells (untreated) at every time point (n=4) (a). Phosphorylation of HSL at Ser563 was 
assessed by Western blot. Quantification of protein levels (n=4) (b) and representative portions 
of Western blots without (c) and in the presence of 2% BSA (d). Data represent mean ± SD; 
*p<0.05, **p<0.01, ***p<0.001. Student T-test. White bars, forskolin treatment; black bars, 
forskolin treatment in the presence of 2% BSA. 

We first analysed the induction of HSL mRNA levels. Figure 4.3a shows the peak 

induction happened at eight hours of treatment independently of the presence of BSA, 

although the induction was lower in the presence of albumin. 

On the contrary, a peak in HSL phosphorylation at S563 was reached after 1h of 

stimulation with forskolin (12.5 fold increase). Importantly, the highest level of HSL 

phosphorylation coincides with mLDs appearance. However, BSA delayed the response 

until 8h of treatment (19.4 fold increase) (Fig. 4.3b-d). 

Released fatty acids bind to albumin and prevent the intracellular accumulation and 

consequent feedback inhibition of lipolysis [450]. This fact may explain the delay in 

HSL-S563 highest level in the presence of BSA. The weaker increase in HSL mRNA 

expression could be due to the prevention of the signalling or metabolic pathways 
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induced by the entrance of fatty acids into fat cells. In mouse adipocytes, the addition of 

palmitic acid has been reported to increase both HSL and ATGL mRNA levels [451]. 

 

4.2.2.2. BSA PREVENTS FATTY ACID RECYCLING 

We next sought to examine fatty acid re-esterification rates in response to lipolysis 

activation in SGBS adipocytes. This was done in the long-term set up to allow 

detectability of the lipolytic products. Released fatty acids to the medium were 

quantified as described in Materials and Methods. In forskolin-treated adipocytes, 

extracellular fatty acid levels remained relatively constant. On the contrary, in the 

presence of BSA, higher incubation period resulted in higher fatty acid levels in the 

medium (Fig. 4.4a). These results seem to point to the fact that released fatty acids can 

be re-captured by adipocytes and recycled, as previously described [441]. 

 

 

FIGURE 4.4 BSA significantly reduces fatty acid recycling. Lipolysis was induced in SGBS 
adipocytes with 0.5 µmol/l forskolin [Fos] supplemented or not with 2% BSA. At several time 
points, media and cells were collected. A vertical line separates short-term (0.5 to 2 hours) and 
long-term (4 to 24 hours) experiments. Fatty acids [FA] (a) (n=3) and glycerol released to the 
media were analysed and the ratio glycerol (mmol/l) to fatty acids (mmol/l) was calculated as a 
measure of fatty acid re-esterification (b) (n= 3). mRNA levels of IL-6 (c) and CD36 (d) were 
analysed and expressed as fold induction of control cells (untreated) at every time point (n=3). 
Data represent mean ± SD; *p<0.05, **p<0.01, ***p<0.001, vs. control; General Lineal Model 
Univariate test. ap<0.05, cp<0.001, vs. forskolin in the absence of BSA; Student T test. White 
bars, forskolin-stimulated adipocytes; black bars, forskolin-stimulated adipocytes in the 
presence of 2% BSA. 
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We then estimated fatty acid recycling by analysing the glycerol to fatty acid ratio (Fig. 

4.4b). Forskolin stimulates fatty acid recycling, at least from 4 to 24 hours. On the 

contrary, when media was supplemented with 2% BSA, fatty acid recycling was 

inhibited. Similar results have been reported in 3T3-L1 adipocytes, where the amount of 

fatty acids in the extracellular media of forskolin-stimulated adipocytes was reduced by 

90 per cent compared with the adipocytes stimulated in the presence of BSA [145]. 

We next studied the effects of lipolysis-induced fatty acid release and of BSA-buffering 

of fatty acids. First, we analysed the expression levels of IL-6. IL-6 is produced and 

released by adipocytes and considered an inflammatory mediator [452], but also a 

regulator of adipocyte lipid metabolism [453]. Intracellular fatty acids increase IL-6 

expression in human adipocytes [454]. As expected, IL-6 transcript levels were induced 

in adipocytes treated with forskolin, whereas BSA supplementation abrogated the 

induction (Fig. 4.4c). Importantly, IL-6 expression induction is one of the first changes 

observed at the mRNA level in induced lipolysis in SGBS adipocytes. Therefore, the 

greater expression of IL-6 in adipocytes probably evidences the higher intracellular fatty 

acid concentration after stimulation of lipolysis in the absence of BSA.  

We also analysed the expression levels of CD36, which allows the reuptake of fatty acid 

that are released outside the cell during lipolysis [226]. However, no changes were 

shown in its transcript levels in response to forskolin (Fig. 4.4d). Lipolysis induces 

CD36 translocation to the plasma membrane and the re-entrance of previously released 

fatty acids [226], but apparently do not regulate this translocase at the mRNA level. 

To further study fatty acid re-esterification upon induced lipolysis, the expression levels 

of GK and PEPCK (PCK1), key enzymes involved in glycerol supply for fatty acid 

recycling [200], were investigated in both short- and long-term experiments. Under 

induced lipolysis, the G3P can be mainly obtained through glyceroneogenesis, which is 

the lead pathway in adipocytes and regulated by PEPCK [133, 134]. We also analysed 

the glycerol-3-phosphate phosphorylation pathway, which implies the activity of GK, 

although its mRNA expression is low in human adipose tissue [455]. Nevertheless, 

thiazolidinediones, high-affinity ligands for PPARγ and used clinically to treat type 2 

diabetes, induce GK levels and activity, enough to reduce fatty acid secretion in basal 

and induced lipolysis [456].  
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FIGURE 4.5 BSA inhibits lipolysis-induced glycerol synthesis and fatty acid activation. Lipolysis 
was induced in SGBS adipocytes with 0.5 µmol/l forskolin [Fos] supplemented or not with 2% 
BSA. At several time points, cells were collected. A vertical line separates short-term (0.5 to 2 
hours) and long-term (4 to 24 hours) experiments. mRNA levels of genes for G3P availability 
(a, b) and fatty acid activation (c to e) were analysed and expressed as fold induction of control 
cells (untreated) at every time point (n=3). Data represent mean ± SD; *p<0.05, **p<0.01, 
***p<0.001, vs. control; General Lineal Model Univariate test. bp<0.01, cp<0.001, vs. forskolin 
in the absence of BSA; Student T test. White bars, forskolin-stimulated adipocytes; black bars, 
forskolin-stimulated adipocytes in the presence of 2% BSA. 

We show the expression of these enzymes was induced by forskolin from 2 hours in 

short-term experiments and from 8 to 16 hours (PCK1), or to 24h (GK), in long-term 

experiments (Fig. 4.5a and 4.5b). This induction was blocked when cell culture media 

was supplemented with BSA. It is known that changes in PEPCK activity occur through 

modifications of PCK1 gene expression [457]. Besides, the stimulation of PCK1 after 

beta-adrenergic stimuli had been previously reported [458]. 

Then, we analysed the expression of genes involved in fatty acid activation (1.4.4.5.1.). 

Three isoforms of the ACSL family, responsible for the activation of long chain fatty 

acids, were analysed (Fig. 4.5c to 4.5e). ACSL1, ACSL3 and ACSL5 isoforms have 
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reported roles in TAG synthesis or in induced lipolysis [201, 208, 209]. All three 

studied isoforms showed an upregulation of transcription after 16 hours of treatment 

with the lipolytic stimuli that was extensible from 8h in ACSL3 (Fig. 4.5d), and up to 24 

hours in ACSL5 isoform (Fig. 4.5e). On the contrary, no significant changes were found 

when the media was supplemented with BSA, pointing to a role of these members on 

fatty acid re-esterification. 

We next studied the expression of enzymes from the glycerolipid synthesis pathway. 

The expression of the microsomal GPAT enzymes, which catalyse the first committed 

step for TAG synthesis, was increased when adipocytes were treated with forskolin in 

the absence of BSA (Fig. 4.6a), pointing to a greater fatty acid recycling in forskolin 

treated adipocytes. 

We also studied several isoforms of AGPAT enzymes (AGPAT1-5). Among them, only 

AGPAT1 and AGPAT2 have validated roles as TAG biosynthetic enzymes [136, 137]. 

In fact, AGPAT3 and AGPAT5 have been reported to exhibit 100-fold less efficiency, 

compared with human AGPAT2 enzyme activity [459]. These data have led to the 

thought that the other isoforms may provide phospholipids for membrane maintenance, 

rather than TAG. On the other hand, AGPAT5 has been localized in the mitochondria, 

opening up the possibility of a role in mitochondrial metabolism [459]. AGPAT1, -2 and 

-3 showed minor changes in gene expression (Fig. 4.6b to 4.6d), whereas AGPAT4 and -

5 were significantly induced in the absence of BSA (Fig. 4.6e-4.6f). 

DGAT mRNA expression levels are shown in Fig 4.6g and 4.6h. Counterintuitively, 

there was a significant downregulation of both transcripts at some time points. 

Nevertheless, DGAT activity may be regulated at posttransciptional levels. Several 

studies in 3T3-L1 adipocytes have supported this observation since levels of DGAT1 or 

DGAT2 mRNA do not fit with changes in DGAT activity during adipogenesis [460-

462]. 

Another possibility for fatty acid re-esterification into TAG is the production of MAG 

and DAG due to partial hydrolysis [168]. Fatty acids can incorporate into these 

molecules through MOGAT and DGAT activities. As discussed in the previous chapter, 

the MOGAT family gene expression was in the limit of detection in SGBS adipocytes.  
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4.2.2.3. BSA BLOCKS LIPOLYSIS-INDUCED ß-OXIDATION 
GENE TRANSCRIPTION LEVELS 

Next, transcriptional regulators involved in mitochondrial oxidation (PGC1A, PGC1B 

and PPARA), transporters of fatty acids into the mitochondria (CPT1A and CPT2) and 

the uncoupling protein UCP1 were analysed. PPARA is considered the main 

transcriptional regulator of the lipid oxidation pathway. In humans, PPARA induces 

genes controlling fatty acid import into the mitochondria (CPT1 and CPT2), as well as 

the major enzymes of the β-oxidation pathway [463].  
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FIGURE 4.6 BSA 
inhibits gene induction 
of glycerolipid synthesis 
in stimulated lipolysis. 
Lipolysis was induced in 
SGBS adipocytes with 
0.5 µmol/l forskolin 
[Fos] supplemented or 
not with 2% BSA. At 
several time points, cells 
were collected. A 
vertical line separates 
short-term (0.5 to 2 
hours) and long-term (4 
to 24 hours) experiments. 
mRNA levels of genes 
for LPA (a), 
phosphatidate (b to f) 
and DAG (g, h) were 
analysed and expressed 
as fold induction of 
control cells (untreated) 
at every time point (n=3). 
Data represent mean ± 
SD; *p<0.05, **p<0.01, 
***p<0.001, vs. control; 
General Lineal Model 
Univariate test. bp<0.01, 
cp<0.001, vs. forskolin in 
the absence of BSA; 
Student T test. White 
bars, forskolin-
stimulated adipocytes; 
black bars, forskolin-
stimulated adipocytes in 
the presence of 2% BSA. 

 



Chapter 4: Role of lipins in lipolysis and recycling 
 

 145 

 

 

As shown in figure 4.7, PPARA expression was significantly induced after 16h of 

incubation with forskolin alone (Fig. 4.7a). On the contrary, both CPT1 and CPT2 were 

altered at shorter times. CPT1, the rate-limiting enzyme of β-oxidation, was induced at 

2h and at 4h in cells treated with forskolin (Fig. 4.7b). Instead, CPT2 was significantly 

reduced after 4h of treatment (Fig. 4.5c). In general, BSA inhibited the induction of 

CPT1A and PPARA, probably due to the reduction of available fatty acids [464]. 

Surprisingly, adipocytes treated with forskolin for eight hours in the presence of BSA 

showed induced CPT2 transcript levels. Nevertheless, CPT2 downregulation has been 

related with the activation of energy-metabolism pathways by several drugs [465]. 

Transcription of PGC1A, and marginally of PGC1B, was also increased in cells treated 

with forskolin, and BSA inhibited their induction (Fig. 4.5d and e). PGC1A is a co-

transcriptional activator that belongs to the PPARγ co-activator family of transcriptional 

regulators, and promotes both mitochondria biogenesis and FAO by inducing the 

expression of respiratory genes [466]. PGC1A is also responsible for the induction of 
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FIGURE 4.7 BSA reduces 
the induction of 
mitochondrial genes by 
forskolin. Lipolysis was 
induced in SGBS adipocytes 
with 0.5 µmol/l forskolin [Fos] 
supplemented or not with 2% 
BSA. At several time points, 
cells were collected. A vertical 
line separates short-term (0.5 
to 2 hours) and long-term (4 to 
24 hours) experiments. mRNA 
levels of genes of 
mitochondrial ß-oxidation of 
fatty acids were analysed (a to 
f) and expressed as fold 
induction of control cells 
(untreated) at every time point 
(n=3). Data represent mean ± 
SD; *p<0.05, **p<0.01, 
***p<0.001, vs. control; 
General Lineal Model 
Univariate test. ap<0.05, 
bp<0.01, cp<0.001, vs. 
forskolin in the absence of 
BSA; Student T test. White 
bars, forskolin-stimulated 
adipocytes; black bars, 
forskolin-stimulated adipocytes 
in the presence of 2% BSA. 
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the adaptive thermogenesis and UCP1 expression in BAT [467]. Besides, a dominant 

role in the control of general mitochondrial gene expression in white adipocytes has 

been attributed to PGC1B [217]. On the other hand, mRNA levels of UCP1 were also 

upregulated in the presence of forskolin (Fig. 4.5f). Forskolin-induced increase of 

UCP1 levels in mouse adipocytes was previously reported as a mechanism to give rise 

to beige adipocytes [45]. 

To sum up, the stimulation of lipolysis by forskolin induces the expression of genes 

involved in the oxidation of lipolysis-released fatty acids, and this is inhibited by BSA 

scavenging. Similar results were obtained in human and mouse white adipocytes [464]. 

The increase in the mitochondrial capacity linked to the induction of the TAG/fatty acid 

cycle is essential for the metabolic balance and to maintain healthy adipocytes [217]. In 

fact, the activity of the TAG/fatty acid cycle also plays a crucial role in the 

transformation of WAT into BAT [32, 229]. 

 

4.2.3. RESPONSE OF LIPINS TO INDUCED LIPOLYSIS 

4.2.3.1. LIPIN EXPRESSION LEVELS IN RESPONSE TO 
INDUCED LIPOLYSIS 

Once we have characterized the effects of stimulated lipolysis on SGBS adipocytes and 

of fatty acid scavenging, we aimed to study the response and the role of the lipin family 

in this process. First, we sought to analyse lipin expression levels upon stimulation of 

lipolysis, in the same set up as in the previous section (4.2.2.).  

As shown in figure 4.8, only minimal changes were found in the mRNA expression 

levels of lipins (Fig. 4.8a, c and e). In general, mRNA levels tended to increase in the 

absence of BSA and to decrease in its presence, although changes were lower than 2-

fold. LPIN3 showed still lower changes compared with the other members (Fig. 4.8e). 

Thus, we analysed lipin protein levels and found they tended to increase compared with 

BSA presence (Fig. 4.8b, d and f). Nevertheless, most of the changes were not 

significant and still lower than 2-fold. 
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4.2.3.2. ALL LIPINS ARE DEPHOSPHORYLATED IN RESPONSE 
TO INDUCED LIPOLYSIS 

Interestingly, SDS-PAGE of lipin proteins reveals heterogeneity in electrophoretic 

mobility, indicative of multisite phosphorylation [275, 279, 289]. Figure 4.9 shows 

representative portions of Western blot with bands of different mobility. Upon lipolytic 

stimulation, all three lipins showed increased mobility, and a lower molecular weight 

may be indicative of dephosphorylated or hypophosphorylated states. Such 

displacement was observed mainly from 1 hour of treatment with forskolin, and, at least 

up to 24 hours. This would be in accordance with previous reports where lipin-1 is 

activated and translocated to the microsomal membranes by epinephrine in mouse 

adipocytes [275], and PAP activity is induced in rat adipocytes upon lipolytic hormones 

treatment [437]. Therefore, forskolin either stimulates lipin dephosphorylation or 

inhibits lipin phosphorylation in SGBS adipocytes, as reported for lipin-1 in mice [275].  

Importantly, the posttranscriptional modification of lipins was inhibited in the presence 

of BSA (Fig. 4.9). This result may point to a role of fatty acids in promoting the 
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FIGURE 4.8 Expression levels 
of lipins in response to 
induced lipolysis. Lipolysis 
was induced in SGBS 
adipocytes with 0.5 µmol/l 
forskolin [Fos] supplemented or 
not with 2% BSA. At several 
time points, cells were 
collected. A vertical line 
separates short-term (0.5 to 2 
hours) and long-term (4 to 24 
hours) experiments. mRNA (a, 
c, e) and protein (b, d, f) levels 
of lipins were analysed and 
expressed as fold induction of 
control cells (untreated) at 
every time point (n=3). Data 
represent mean ± SD; *p<0.05, 
**p<0.01, ***p<0.001, vs. 
control; General Lineal Model 
Univariate test. bp<0.01, 
cp<0.001, vs. forskolin in the 
absence of BSA; Student T test. 
White bars, forskolin-
stimulated adipocytes; black 
bars, forskolin-stimulated 
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2% BSA. 

 



Chapter 4: Role of lipins in lipolysis and recycling 
 

148 

dephosphorylated state of lipins. In fact, in mouse adipocytes, oleic acid also promotes 

lipin-1 dephosphorylation and translocation to the membranes [275]. 

 

 

FIGURE 4.9 Phosphorylated state of lipins in response to induced lipolysis. Lipolysis was induced in 
SGBS adipocytes with 0.5 µmol/l forskolin [Fos] supplemented or not with 2% BSA in short-
term and long-term conditions. At several time points, cells were collected. Protein levels of 
lipins were analysed and representative portions of Western blots are shown in the absence (a) 
and presence of BSA (b).  

These results were confirmed by using two other lipolytic inductors that act at different 

steps of the lipolytic activation pathway: isoproterenol, a β-adrenergic inductor, and 

CTP-cAMP, a stable analogue of cyclic AMP [444]. The same effect on protein band 

mobility was found in all lipin members with treatments of 10	μmol/l isoproterenol and 

40μM CTP-cAMP. Nevertheless, these stimuli resulted in an earlier (HSL 

phosphorylation peaks at 30 minutes of treatment) but shorter and weaker stimulation of 

both lipolysis and lipin dephosphorylation (Fig. 4.10). 

The regulation of the lipin-1 phosphorylation state by hormones has been previously 

reported in rat and mouse adipocytes [275, 416]. Whereas insulin promotes the 

phosphorylation of lipin-1, epinephrine triggers its dephosphorylation [275, 416]. This 

contrary effect on lipin-1 phosphorylation states also leads to opposite cellular 
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localization, but does not influence PAP activity [275]. Thus, insulin promotes the 

soluble form of lipin-1 and epinephrine enriches the membrane-associated lipin-1 

fraction. On the other hand, lipin-2 can be also hyperphosphorylated and different 

phosphorylated residues have been identified. Nevertheless, insulin does not promote 

the phosphorylated state of this paralog, pointing to an independent regulation of each 

lipin family member [289]. 

 

 

FIGURE 4.10 Phosphorylated state of lipins is confirmed by using other inductors of lipolysis. 
Lipolysis was induced in SGBS adipocytes with short-term treatments of 40 µmol/l CPT-
cAMP [cAMP] (a, b) and 10 µmol/l isoproterenol [iso] (c, d). At several time points, media 
and cells were collected. Protein levels of lipins were analysed and representative portions of 
Western blots are shown (a, c). Glycerol release to the medium in adipocytes induced with 
CPT-cAMP (controls at four hours: 0.205 ± 0.388 µmol l-1 mg-1) (n=4) (b) and isoproterenol 
(controls at four hours: 0.028 ± 0.016 µmol l-1 mg-1) (n=3) (d), was quantified as described in 
Methods, normalised by protein content and expressed as fold induction over untreated cells 
for four hours. Data represent mean ± SD; *p<0.05, **p<0.01. Student T-test. (c, d) White 
bars, controls; black bars, induced adipocytes. 

In conclusion, induced-lipolysis in human SGBS adipocytes may activate the lipin 

family by posttranscriptional mechanisms. The dephosphorylation of lipins upon 

induced-lipolysis may imply their translocation to the ER membrane and, consequently, 

their access to phosphatidate. To our knowledge, this is the first time that all three lipin 

members have been analysed.  
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4.2.3.3. DEPHOSPHORYLATED LIPINS ASSOCIATE TO 
MEMBRANES 

We next sought to study the influence of phosphorylation on lipin localization. For this, 

SGBS adipocytes rested for two hours in basal media and afterwards were treated for 

two hours with forskolin. They were also treated with 100 nmol/l insulin to resemble the 

effects reported in mice for lipin-1 [275]. Cell lysates were collected and fractionated in 

soluble, intranuclear and membrane compartments, and the proteins of each fraction 

were analysed by Western blot (Fig. 4.11). All three lipins were detected in basal 

conditions, although the soluble and nuclear localization were predominant. In 

forskolin-treated adipocytes, a higher mobility band was found in all cellular fractions, 

with an increase of lipin proteins in both nuclear and membrane fractions compared 

with control. Last, insulin decreased lipin-1 mobility and induced its soluble 

localization. On the contrary, lipin-2 and lipin-3 mobility and localization in insulin 

treated adipocytes resembled the profile observed in control cells. 

 

 

FIGURE 4.11 Phosphorylation state of lipins and subcellular localization. SGBS adipocytes were 
treated with 0.5 µmol/l forskolin [Fos] and 100 nmol/l insulin for two hours. Cell lysates were 
subjected to subcellular fractionation as explained in Methods and lipin proteins were analysed 
by Western blot. Portions of blots, representative of at least three independent experiments, are 
shown. [S], soluble; [N], intranuclear; [M], membrane fractions. 

Interestingly, these data are in accordance with previous reports on opposite effects of 

either induced lipolysis or insulin on mouse lipin-1 phosphorylation and its localization 

[275], and confirm different regulation of lipins by insulin [289]. Nevertheless, 

forskolin promoted association to membranes of all members of the family. It seems 
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counterintuitive that insulin, which promotes lipogenesis, induces the cytosolic 

localization of lipin-1 instead of its association with the ER where it would synthesise 

DAG. On the contrary, beta-adrenergic stimulation promotes lipin translocation to the 

ER membrane, the major site of glycerolipid biosynthesis [275]. Therefore, we surmise 

that the activation (membrane association) of all lipins may point to an important role of 

the lipin family in the lipolytic pathway or the subsequent metabolism of fatty acids. 

 

4.2.4. RESPONSE OF LIPINS TO INCREASED LEVELS OF 
FATTY ACIDS 

As explained above (1.5.6.3.1. and 4.1.3.), dephosphorylation of lipins is inhibited by 

the addition of BSA. Together with the fact that both epinephrine and oleic acid 

promote lipin-1 dephosphorylation and translocation to membranes in mouse adipocytes 

[275], these data led us to think that fatty acids might regulate lipin activity.  

 

 

FIGURE 4.12 Lipin electrophoretic mobility in response to fatty acids. SGBS adipocytes were treated 
with 330 µM oleic acid during different periods (a), 250 µmol/l to 2 mmol/l oleic acid for two 
hours (b), 1 mmol/l oleic acid with several BSA to fatty acid ratios (c), 1 mmol/l oleic acid for 
30 minutes in the presence of varying concentrations of glucose (d), 100 nmol/l insulin for one 
hour, followed by 10 nmol/l insulin and/or 1 mmol/l oleic acid for two hours (3), and 300 
µmol/l of several fatty acids for one and four hours (f). BSA to fatty acid ratio is 5.3:1 unless 
otherwise stated. Oleic acid [OA], palmitic acid [PA], palmitoleic acid [POA] and stearic acid 
[SA]. Pieces of Western blot from a representative experiment are shown.  
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(330 µmol/l oleate for 30 minutes, 5.3:1 fatty acid:BSA ratio) (Fig 4.12). 1–2 mmol/l 

oleate in the presence of albumin (5.3:1 oleate to BSA molar ratio) resemble 

concentrations in the circulation during fasting and are equivalent to 12.5 µmol/l of 

unbound oleate in the exogenous medium [468]. Keeping the same fatty acid:BSA ratio 

and altering fatty acid concentrations alters fatty acid availability to cells without 

affecting exogenous unbound fatty acid content [468]. On the other hand, glucose may 

affect PEPCK expression [469] and regulates substrate supply [470], and pre/incubation 

with insulin helps fatty acid uptake [471]. Finally, besides oleic acid, the main 

circulating fatty acids are palmitic, palmitoleic, and stearic acids [472]. Thus, we tested 

several amounts of fatty acids (Fig. 4.12a), exposure times (Fig. 4.12b), fatty acid to 

BSA ratios (Fig. 4.12c), glucose (Fig. 4.12d) and insulin (Fig. 4.12e) concentrations, 

and types of fatty acids (Fig. 4.12f). All these trials failed to show complete 

dephosphorylation of lipin-1 as in induced lipolysis, but also of the other lipin family 

members (not shown). 

Adipocytes esterify fatty acids derived from lipolysis (endogenous) and from circulation 

(exogenous) [441]. Several papers have described the possibility that adipocytes 

recognise external and internal fatty acids as different pools in rat [473, 474]. 

Consequently, the origin of fatty acids might have different metabolic consequences. 

Another possibility is that fatty acids regulate lipin-1 activation in mice but not in 

human adipocytes. The regulation of lipin activation in both species might be different. 

However, the observed inhibition of lipin activation with BSA appears to point to a role 

of fatty acids in lipin activation in SGBS cells. Last, despite the numerous conditions 

tested, we cannot discard that fatty acids may induce lipin dephosphorylation under 

other non-studied conditions. 

 

4.2.4.1. SILENCING OF PERILIPIN-1 FAILED TO INDUCE LIPIN 
ACTIVATION 

Next, we sought to increase intracellular fatty acids without inducing lipolysis by 

knocking down PLIN1. Perilipin-1 is the main isoform existing in adipocytes that 

surrounds LDs and constitutes a physical barrier that avoids an excessive hydrolysis of 

TAG by limiting the access of lipases, but also by inhibiting ATGL activity [447, 475]. 

Consequently, the depletion of this protein in mouse adipocytes resulted in elevated 

basal lipolysis [475-477]. Therefore, we aimed to deplete perilipin-1 levels in SGBS 
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adipocytes to increase basal lipolysis and, thus, intracellular fatty acids and check lipin 

dephosphorylation.  

Perilipin-1 was depleted by a two shots transfection of siRNA as described in material 

and methods and figure 4.13a. 24 hours after the second shot of transfection, adipocytes 

were incubated for 48 or 72 hours in basal media to allow the accumulation of 

intracellular fatty acids. We depleted at least half protein levels of perilipin-1 (Fig. 

4.13b and c), although induction of glycerol released was only detected after 72h of 

incubation in basal media (Fig. 4.13d). Nevertheless, lipin electrophoretic bands were 

similar to controls (Fig. 4.13c).  

 

 

FIGURE 4.13 Silencing of perilipin1 does not induce lipin dephosphorylation. SGBS adipocytes 
were transfected with 25 nmol/l of non-targeting control and anti PLIN1 siRNA, at day 10 and 
12 of differentiation (a). On day 13, cells were incubated with basal media for 48 or 72h. After 
the incubation, extracellular media and cell lysates were collected. Cell lysates were analysed 
by Western blot. Perilipin-1 protein levels were quantified and expressed relative to the non-
targeting [nT] control (n=2) (b). Pieces of Western blot from a representative experiment are 
shown (c). Released glycerol was measured in the extracellular media and expressed relative to 
the non-targeting control (n=2) (d). Phase-contrast microscopy images of the non-targeting 
control (e) and perilipin knockdown (f) are shown. Data represent mean ± SD. *p<0.05 vs. 
non-targeting controls; General Lineal Model Univariate test. 
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Besides, phase contrast microscopy showed bigger LDs in perilipin-1 silenced SGBS 

adipocytes (Fig. 4.13f) compared with the non-targeting control (Fig. 4.13e). On the 

contrary, a slight reduction [477] or no changes [475] in LDs size were described in 

perilipin-1-depleted 3T3-L1 adipocytes and primary mouse adipocytes, or WAT of 

PLIN1-knockout mice [478, 479]. However, giant LDs were also observed in flies 

lacking PLIN1 [480], and in murine hepatocytes depleted of PLIN2 and PLIN3, the two 

isoforms existing in this cell type [481]. Based on these results, human SGBS 

adipocytes may respond to PLIN1 depletion in a different way than mouse adipocytes, 

and human PLIN1 may have a role in regulating the size of LDs as reported in flies 

[480].  

PLIN1-depleted mouse adipocytes present reduced fat storage and showed increased 

basal lipolysis [478, 479]. On the contrary, PLIN1-depleted human SGBS adipocytes 

store TAG in bigger LDs with reduced surface to volume ratio. This fact may constitute 

a strategy opposite to lipolysis, and assure that the remaining perilipin is enough to 

protect neutral lipids. However, this requires further characterisation. 

 

4.2.5. REGULATION OF LYPOLYSIS-INDUCED 
DEPHOSPHORYLATION OF LIPINS  

4.2.5.1. INHIBITION OF LIPOLYSIS-INDUCED 
DEPHOSPHORYLATION OF LIPINS 

We next aimed to determine how the de/phosphorylated state of lipins is regulated in 

lipolysis. To this end, SGBS adipocytes were preincubated with different inhibitors for 

one hour and maintained during the induction of lipolysis. We used H89, a PKA 

inhibitor; triacsin C, an inhibitor of ACSLs; insulin, which inhibits lipolysis and 

promotes lipin-1 translocation to the cytosol [275] and propranolol, a β-blocker and 

unspecific inhibitor of both lipin and LPP enzymes. Figure 4.14 shows lipin protein 

electrophoretic mobility that was analysed by Western blot. We found that all inhibitors 

prevented lipin dephosphorylation. Besides, insulin promoted the emergence of a band 

with lower mobility in lipin-1, as described above (4.2.3.3.) and in mouse adipocytes 

[275]. Last and interestingly, triacsin C decreased the electrophoretic mobility of all 

lipin members. 

At 100 µM, propranolol is supposed to inhibit both ß-adrenergic stimulation and PAP 

activity [482, 483]. Nevertheless, forskolin acts downstream of ß-adrenergic receptors 
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and, thus, propranolol might act only as a PAP inhibitor in these conditions. Propranolol 

binds to phospholipids membranes, and prevents lipin access to their substrate [484]. 

Besides, propranolol cationic moiety competes for the Mg2+-binding sites, which are 

necessary for PAP1 activity [485]. Finally, propranolol inhibits the cytosolic PAP 

activity [486].  

Both H89 and insulin inhibit induced lipolysis and, consequently, prevent the increase 

in fatty acids. Last, the prevention of lipin dephosphorylation by triacsin C appears to 

definitively imply lipins in fatty acid recycling, which needs fatty acid activation by 

acyl-CoA [145, 168]. On the other hand, we found that longer treatment with triacsin C 

caused cellular damage, probably due to lipotoxicity of free fatty acids [487] and 

highlighting the importance of fatty acid recycling [145]. Interestingly, triacsin C 

appears to induce a low mobility band in all three lipins. The significance of this change 

should be further investigated. 

To sum up, both inhibition of fatty acid uptake by adipocytes (BSA supplementation) 

and fatty acids activation (ACSL inhibition) prevented lipolysis-induced lipin 

dephosphorylation, which points to a role of lipins in fatty acids re-esterification.  

 

 

FIGURE 4.14 Inhibition of lipolysis-induced lipin dephosphorylation. Lipolysis was induced in 
SGBS adipocytes by 0.5 µmol/l forskolin [Fos] for two hours in the presence of several 
inhibitors: 2% BSA, 20 µmol/l H89, 5 µmol/l triacsin C [triacC], 100 nmol/l insulin and 100 
µmol/l propranolol [PrPol]. Cells were collected and lipin protein electrophoretic mobility was 
assessed by Western blot analysis. Representative portions of blots are shown (n=3). 
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4.2.5.2. GLUCOSE CONCENTRATION DOES NOT AFFECT LIPIN 
DEPHOSPHORYLATION 

We next aimed to study whether glucose affects lipin dephosphorylation. In vivo, during 

fasting and exercise, adipocytes undergo lipolytic stimulation under low concentration 

of glucose. Therefore, G3P is obtained through non-carbohydrate precursors by PEPCK 

and, in a lower extent, by GK [200]. In rodents adipocytes PEPCK expression is 

induced by fasting [488], lipolytic stimulation [489], and unsaturated fatty acids [490, 

491]. On the contrary, during the postprandial state, glucose concentration is high and 

the majority of G3P synthesis is obtained from glycolysis for TAG synthesis [230]. 

During feeding, both insulin and glucose inhibit PEPCK expression in mouse 

adipocytes, and prevent its upregulation mediated by fatty acids [490-492]. 

 

 

FIGURE 4.15 Lipin dephosphorylation does not depend on glucose levels. SGBS cells were 
differentiated to adipocytes and pre-incubated overnight in basal media with 5, 17.5 or 25 
mmol/l of glucose. On day 14, lipolysis was induced with 0.5 µmol/l Forskolin (Fos) for 8 

0 

5 

10 

15 

20 

25 

5 17.5 25 

G
ly

ce
ro

l r
el

ea
se

 (f
ol

d)
 

glucose (mM) 

** 
* * 

Control   0.5 µM Fos

5     17.5    25       5    17.5     25   mM glucose

α-Lipin-1

α-Lipin-2

α-Lipin-3

α-HSL-S563

α-HSL

α-Actin

a

0 

10 

20 

30 

40 

50 

60 

5 17.5 25 

H
SL

 m
R

N
A 

le
ve

ls
 (f

ol
d)

 

glucose (mM) 

* 

** 

* 

0 
0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 

5 17.5 25 

PC
K1

 m
R

N
A 

le
ve

ls
 (f

ol
d)

 

glucose (mM) 

* ** 
** 

0 

5 

10 

15 

20 

25 

30 

5 17.5 25 

G
K 

m
R

N
A 

le
ve

ls
 (f

ol
d)

 

glucose (mM) 

*** 
*** 

*** 

b

c

d

e



Chapter 4: Role of lipins in lipolysis and recycling 
 

 157 

hours. Media were collected and glycerol released was analysed (n=3) (a). Cell lysates were 
assessed by Western blot. Representative portions of blots are shown (b). mRNA relative levels 
of HSL, PCK1 and GK are represented relative to controls with 17.5 mmol/l glucose (n=3). 
Data represent mean ± SD; *p<0.05, **p<0.01, ***p<0.001, vs. 17.5 mmol/l glucose control; 
General Lineal Model Univariate test. White bars, controls; black bars, forskolin-stimulated 
adipocytes. 

However, in our experiments cell culture medium contains high concentration of 

glucose (17.5 mmol/l). In order to analyse possible effects of glucose concentration in 

lipolysis, fatty acid recycling and lipin activation, mature adipocytes were incubated 

overnight in several concentrations of glucose (5, 17.5 and 25 mmol/l), and lipolysis 

was subsequently induced by 0.5μM of forskolin for 8h in the same media.  

As shown in figure 4.15, glucose did not alter lipolysis (assessed by HSL expression and 

glycerol release), fatty acid re-esterification (GK and PEPCK expression), and lipin 

activation. These results indicate that induced lipolysis in SGBS adipocytes raises fatty 

acid intracellular levels and stimulates fatty acid recycling, likely with independence of 

glucose levels. 

 

4.2.6. ROLE OF LIPINS IN INDUCED LIPOLYSIS ASSESSED BY 
LOSS-OF-FUNCTION 

4.2.6.1. LIPIN SILENCING IN SGBS ADIPOCYTES SHOWS 
COMPENSATION AMONG PARALOGS 

To further study the role of lipins in lipolysis, single lipin family members were 

silenced in SGBS adipocytes. Knockdown of all lipins, or triple knockdown, was also 

performed together with its corresponding control, with same amount of siRNA. For 

this purpose, SGBS adipocytes were transfected with siRNAs against lipin and non-

targeting control at days 10 and 12 of differentiation. On day 16, cells were incubated 

for two hours in basal media, and lipolysis was subsequently stimulated with 0.5μM of 

forskolin for four hours (Fig. 4.16a).  

mRNA (Fig. 4.16b and c) and protein (Fig. 4.16d and e) expression levels were 

analysed to confirm knockdowns and evaluate possible compensatory mechanisms 

among lipins. All lipin proteins were downregulated more than 70% in the single 

knockdowns compared with control levels. As observed in pre-adipocytes (Fig. 3.9c), 

lipin-2 protein was upregulated in the lipin-1 knockdown (Fig. 4.16d), as previously 

described [262]. Besides, lipin-2 knockdown resulted in increased LPIN1 expression at 

the mRNA levels but not at the protein level (Fig. 3.15 b and d). This is in accordance 
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with lipin-2 depletion in mouse 3T3-L1 adipocytes [262], although it is not observed 

when lipin depletion is performed in pre-adipocytes (Fig. 3.9). Moreover, lipin-3 

knockdown triggered similar effects (Fig. 3.15 b and d). 

 

 

FIGURE 4.16 Lipin depletion in mature adipocytes. Single and triple lipin knockdowns were 
performed in SGBS adipocytes by transfection of specific siRNA, as explained in Methods (a). 
Thereafter, lipolysis was induced with 0.5 µmol/l Forskolin [Fos] for four hours. mRNA levels 
of lipin paralogs were analysed, normalised by cyclophilin expression and represented relative 
to non-targeting controls [nT] (n=4) (b, d). Protein levels were analysed by Western blot, 
normalised by actin and represented relative to non-targeting controls (n=4) (c, d). 
Representative portions of Western blots show electrophoretic mobility of lipins (f). Data 
represent mean ± SD; *p<0.05, **p<0.01, ***p<0.001, vs. control; General Lineal Model 
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Univariate test. White bars, non-targeting control adipocytes; light grey bars, LPIN1 
knockdown; dark grey bars, LPIN2 knockdown; black bars, LPIN3 knockdown (b, d). White 
bars, non-targeting control; black bars, triple knockdown (c, e).  

 

As previously described (Fig. 4.9), forskolin induces lipin dephosphorylation, which 

can be shown even in the remaining protein of lipin-depleted cells (Fig. 4.16f). This 

may hinder the study of the effects of lipin silencing.  

 

4.2.6.1. SILENCING OF LIPINS DOES NOT AFFECT LIPOLYSIS 
IN SGBS ADIPOCYTES 

Next, we studied the effect of lipin depletion in induced lipolysis by analysing lipolysis 

markers.  

 

 

For this, glycerol release (Fig. 4.17a and b), HSL mRNA levels (Fig. 4.17c and d), and 

the HSL-S563 to total HSL ratio (Fig. 4.17e and f), were analysed. The three markers 
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FIGURE 4.17 Lipin depletion has 
no effect on measures of lipolysis. 
Single (a, c, e) and triple (b, d, f) 
knockdowns of lipins were performed 
in SGBS adipocytes, as explained in 
Methods and figure 4.16a. Thereafter, 
lipolysis was induced with 0.5 µmol/l 
Forskolin [Fos] for four hours. 
Glycerol release into the extracellular 
medium was quantified, normalised by 
protein content and expressed relative 
to the non-targeting [nT] control (n=4) 
(a, b). Phosphorylated HSL to total 
HSL ratio was analysed by Western 
blot and expressed relative to the non-
targeting control (n=4) (c,d). HSL 
mRNA levels were analysed, 
normalised by cyclophilin A 
expression and expressed relative to 
the non-targeting control (n=4) (e, f). 
Data represent mean ± SD; *p<0.05, 
**p<0.01, ***p<0.001, vs. control; 
Student T test. White bars, non-
targeting control; light grey bars, 
LPIN1 knockdown; dark grey bars, 
LPIN2 knockdown; black bars, LPIN3 
knockdown (a, c, e). White bars, non-
targeting control; black bars, triple 
knockdown (b, d, f).  
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were induced with forskolin treatment and no significant changes were observed 

between single (Fig. 4.17a, c, e) or triple (Fig. 4.17b, d, f) lipin knockdown and controls 

in basal and induced lipolysis. Thus, contrary to the findings in mice [315], lipins may 

not have an essential role in the regulation of the lipolytic pathway in human adipocytes 

as seen by loss of function analysis. 

 

4.2.6.2. HUMAN LIPINS MIGHT NOT BE INVOLVED IN 
INHIBITION OF LIPOLYSIS VIA PDE4  

Lipin-1 has been previously recognized as a regulator of lipolysis since basal and 

stimulated lipolysis is diminished in lipin-1 deficient mice due to increased 

phosphatidate levels that induce mTOR-mediated activation of PDE4; in turn, the latter 

inhibits PKA by hydrolysing cAMP [315]. Intracellular signalling roles of 

phosphatidate are controlled by PLDs and DGKs. PLDs synthesise phosphatidate from 

PC (via PLD1 and PLD2) or cardiolipin (via PLD6, a.k.a. mitoPLD) [493]. Therefore, 

we asked whether human lipins could have a role in regulating lipolysis through this 

negative loop. 

First, we analysed PLDs and PDE4B expression in long-term stimulation of lipolysis. 

PLD1 and PLD6 expression increased with forskolin treatment (Fig. 4.18a and c), 

whereas PLD2 transcript levels were downregulated (Fig. 4.18b). PDE4B mRNA levels 

were also upregulated (Fig. 4.18d). PLD1 induction was in accordance with previous 

data in 3T3-L1 adipocytes, which was attributed to PKA activation [494]. On the other 

hand, in that study there was no change in PLD2 expression.  

To our knowledge, the induction of PLD6 expression with the lipolytic stimulus had not 

been previously described. We also found that BSA inhibited this response, which may 

point to the involvement of this mitochondrial PLD in mitochondrial fatty acid 

metabolism [290, 493].  

Next, we analysed gene expression of PLD6 and PDE4B and phosphorylation of mTOR 

in lipin-depleted SGBS adipocytes. Forskolin treatment for four hours induced 

expression of these genes as previously described, although independently of lipin 

silencing (Fig. 4.19a to c). Interestingly, single depletion of lipin-2 and lipin-3 and the 

triple knockdown upregulated expression of PDE4B in basal conditions (Fig. 4.19c and 

d). Unfortunately, we do not have data on PLD1 and PLD2 expression levels. 
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Concerning the induction of phosphorylation of mTOR-S2448 and its target, S6K-

Threonine 389 (T389), it is likely not dependent on lipins (Fig 4.19e to h). Nevertheless, 

the triple knockdown significantly increased basal phosphorylation of mTOR-S2448 

(Fig. 4.19f). 

 

 

FIGURE 4.18 Induced lipolysis alters mRNA expression of the PLDs and PDE4B. SGBS adipocytes 
were treated with 0.5 µmol/l forskolin in long-term conditions. At several time points, cells 
were collected and mRNA was extracted and analyse. Results are represented relative to 
cyclophilin A expression and to non-treated controls (n=3) (a-d). SGBS adipocytes rested for 
two hours in basal media and were incubated with 50 µmol/l phosphatidate. After 10 and 30 
minutes, one and two hours of incubation, protein lysates were obtained and lipin 
dephosphorylation was analysed by Western blot. Pieces of a representative Western blot are 
shown (e). Data represent mean ± SD; *p<0.05, **p<0.01, ***p<0.001, vs. control; Student T 
test.  

Overall, these results do not show any association of human lipins with the negative 

loop that involves PDE4 inhibition of induced lipolysis in SGBS adipocytes. 

Nevertheless, these data is not conclusive since more detailed analysis should be 

performed. 

 

0.0 

1.0 

2.0 

3.0 

4.0 

5.0 

4 8 16 24 

PL
D

1 
m

R
N

A 
le

ve
ls

 (f
ol

d)
 

time (hours) 

** 

* 

* 

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

1.4 

4 8 16 24 
PL

D
2 

m
R

N
A 

le
ve

ls
 (f

ol
d)

 
time (hours) 

** 

0.0 
0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 

4 8 16 24 

PL
D

6 
m

R
N

A 
le

ve
ls

 (f
ol

d)
 

time (hours) 

* 

* 

** 

** 

0.0 
1.0 
2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 

4 8 16 24 

PD
E4

B 
m

R
N

A 
le

ve
ls

 (f
ol

d)
 

time (hours) 

* 

* 

a

c d

b



Chapter 4: Role of lipins in lipolysis and recycling 
 

162 

 

4.2.7. LIPIN DEPLETION DOWNREGULATES FATTY ACID 
RECYCLING  

To analyse the role of lipins in fatty acid re-esterification, fatty acid release and the 

glycerol to fatty acid ratio were assessed in the single and triple lipin silencing. There 

were significant differences in both fatty acid release and re-esterification in single and 

triple lipin depletion in basal conditions (Fig. 4.20). In contrast, in induced lipolysis, 
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FIGURE 4.19 The lipin 
family members might have 
no role in lipolysis inhibition 
by PDE4. Single (a, c, e, g) and 
triple (b, d, f, h) knockdowns of 
lipins were performed in SGBS 
adipocytes, as explained in 
Methods and figure 4.16a. 
Thereafter, lipolysis was 
induced with 0.5 µmol/l 
forskolin [Fos] for four hours. 
Gene expression of PLD6 (a, b) 
and PDE4B (c, d) was analysed 
and expressed relative to the 
untreated non-targeting control 
(n=4). Phosphorylated mTOR at 
Ser2448 (e, f) and its target 
S6K at T389 (g, h) were 
analysed by Western blot and 
expressed relative to the 
untreated non-targeting control 
(n=4). Data represent mean ± 
SD; *p<0.05, **p<0.01, 
***p<0.001, vs. control; 
Student T test. White bars, non-
targeting control; light grey 
bars, LPIN1 knockdown; dark 
grey bars, LPIN2 knockdown; 
black bars, LPIN3 knockdown 
(a, c, e, g). White bars, non-
targeting control; black bars, 
triple knockdown (b, d, f, h).  
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only lipin-2 showed higher fatty acid release (Fig. 4.20a) and a trend to decrease re-

esterification (Fig. 4.20c), compared with stimulated control. The triple knockdown also 

tended to decrease re-esterification compared to controls (Fig. 4.20d).  

We next analysed the gene expression levels of the enzymes involved in providing 

glycerol for fatty acid recycling, PCK1 and GK. There were no significant differences in 

GK expression levels between lipin-depleted adipocytes and controls (Fig. 4.21). In 

basal lipolysis, lipin-1 and lipin-2-depleted adipocytes and the triple knockdown 

showed decreased levels of PCK1 expression (Fig. 4.21c and d). However, in induced 

lipolysis, he expression of these genes was similar to controls (Fig. 4.21c and d). Single 

lipin-3 depletion upregulated the expression of ACSL3 in basal and induced lipolysis, 

compared with controls (Fig. 4.21e). 

 

 

FIGURE 4.20 Lipin depletion reduces fatty acid recycling. Single (a, c) and triple (b, d) knockdowns 
of lipins were performed in SGBS adipocytes, as explained in Methods and figure 4.16a. 
Thereafter, lipolysis was induced with 0.5 µmol/l Forskolin [Fos] for four hours. Fatty acid 
release (a, b) and glycerol to fatty acid ratio (c, d) were analysed and expressed relative to the 
untreated non-targeting control (n=4). Phosphorylated mTOR at Ser2448 (e, f) and its target 
S6K at T389 (g, h) were analysed by Western blot and expressed relative to the untreated non-
targeting control (n=4). Data represent mean ± SD; *p<0.05, **p<0.01, ***p<0.001, vs. 
untreated controls; cp<0.001, vs. forskolin-treated controls; Student T test. White bars, non-
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targeting control; light grey bars, LPIN1 knockdown; dark grey bars, LPIN2 knockdown; black 
bars, LPIN3 knockdown (a, c). White bars, non-targeting control; black bars, triple knockdown 
(b, d). 

 

 

These results may point to a role of lipins in fatty acid recycling. Thus, we then 

analysed the expression levels of genes of the glycerolipid synthesis pathway. Single 

lipin depletion tended to upregulate the expression of GPAT3 and AGPAT5, and to 

decrease DGAT2 in induced lipolysis, compared with controls (Fig. 4.22a, c, and g). 

Interestingly, lipin-3 silencing had no effect on GPAT3 expression and downregulated 

AGPAT5 expression in induced lipolysis. However, there were no differences in the 
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FIGURE 4.21 Lipin 
depletion downregulates 
PCK1 expression in basal 
lipolysis. Single (a, c, e, g) 
and triple (b, d, f, h) 
knockdowns of lipins were 
performed SGBS 
adipocytes, as explained in 
Methods and figure 4.16a. 
Thereafter, lipolysis was 
induced with 0.5 µmol/l 
forskolin [Fos] for four 
hours. Gene expression of 
GK (a, b), PCK1 (c, d), 
and ACSL3 (e, f) was 
analysed and expressed 
relative to the untreated 
non-targeting control 
(n=4). Data represent mean 
± SD; *p<0.05, **p<0.01, 
***p<0.001, vs. untreated 
controls; cp<0.001, vs. 
forskolin-treated controls; 
Student T test. White bars, 
non-targeting control; light 
grey bars, LPIN1 
knockdown; dark grey 
bars, LPIN2 knockdown; 
black bars, LPIN3 
knockdown (a, c, e). White 
bars, non-targeting control; 
black bars, triple 
knockdown (b, d, f). 
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triple knockdowns (Fig. 4.22b, d and f). Furthermore, DGAT1 transcript levels did not 

significantly change (Fig. 4.22e and f). 
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FIGURE 4.22 Lipin 
depletion disrupts gene 
expression of the 
glycerolipid synthesis 
pathway. Single (a, c, e) 
and triple (b, d, f) 
knockdowns of lipins were 
performed SGBS 
adipocytes, as explained in 
Methods and figure 4.16a. 
Thereafter, lipolysis was 
induced with 0.5 µmol/l 
forskolin [Fos] for four 
hours. Gene expression of 
ACSL3 (a, b), GPAT3 (c, 
d), and AGPAT5 (e, f) was 
analysed and expressed 
relative to the untreated 
non-targeting control 
(n=4). Data represent mean 
± SD; *p<0.05, **p<0.01, 
***p<0.001, vs. untreated 
controls; bp<0.01, 
cp<0.001, vs. forskolin-
treated controls; Student T 
test. White bars, non-
targeting control; light grey 
bars, LPIN1 knockdown; 
dark grey bars, LPIN2 
knockdown; black bars, 
LPIN3 knockdown (a, c, e). 
White bars, non-targeting 
control; black bars, triple 
knockdown (b, d, f). 
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If lipins have a role in fatty acid re-esterification, their depletion would induce 

intracellular fatty acid levels. Because FAO is not a major pathway in adipocytes, high 

fatty acid levels may increase inflammation and ER stress. Thus, we analysed gene 

expression levels of IL-6, as an inflammation marker, and the glucose-regulated 

proteins 78 and 94 (GRP78 and GRP94) as ER stress markers. In basal lipolysis, 

depletion of lipins induced the expression of GRP94 and IL-6. Induced lipolysis 

upregulated all three markers; nevertheless, lipin-1 depletion further increased GRP94 

levels compared with controls (Fig 4.23c).  
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FIGURE 4.23 Lipin 
depletion induces the 
expression of 
endoplasmic reticulum 
stress and inflammation 
markers. Single (a, c, e) 
and triple (b, d, f) 
knockdowns of lipins were 
performed SGBS 
adipocytes, as explained in 
Methods and figure 4.16a. 
Thereafter, lipolysis was 
induced with 0.5 µmol/l 
forskolin [Fos] for four 
hours. Gene expression of 
GRP78 (a, b), GRP94 (c, 
d), and IL-6 (e, f) was 
analysed and expressed 
relative to the untreated 
non-targeting control 
(n=4). Data represent mean 
± SD; *p<0.05, **p<0.01, 
***p<0.001, vs. untreated 
controls; cp<0.001, vs. 
forskolin-treated controls; 
Student T test. White bars, 
non-targeting control; light 
grey bars, LPIN1 
knockdown; dark grey 
bars, LPIN2 knockdown; 
black bars, LPIN3 
knockdown (a, c, e). White 
bars, non-targeting control; 
black bars, triple 
knockdown (b, d, f). 
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GRP78 and GRP94 function as molecular chaperones that bind to malfolded proteins 

and unassembled complexes. They are key component of the protein unfolded response, 

and promote cell survival under RE stress [495]. All three markers are upregulated by 

fatty acids in adipocytes [454, 468].  

Collectively, these results would indicate a protective role of lipins against ER stress 

and proinflammatory signalling induced by excess fatty acid levels. A role of lipin-2 in 

protecting against pro-inflammatory signalling of saturated fatty acids overload in 

macrophages [298], and ER stress in mouse hepatocytes [301] has been previously 

reported. Furthermore, mutations in lipin-2 have been related with human inflammatory 

disorders [277, 376, 388-390]. On the other hand, lipin-1 suppression upon ER stress in 

mouse adipocytes was suggested to be related with obesity pathogenesis [355]. 

 

4.2.7.1. LIPIN DEPLETION PREVENTS THE FORMATION OF 
mLDs IN INDUCED LIPOLYSIS  

mLDs are formed after a lipolytic stimuli in 3T3-L1 adipocytes, and this is prevented by 

BSA or triacsin C supplementation [145]. The formation of mLDs is thought to increase 

the surface/volume ratio of the droplets and, thus, increase the contact between neutral 

lipids and LD-associated lipases, which allows a more efficient hydrolysis and 

recycling. Thus, they are identified as an indicator of fatty acid recycling. 

Next, the formation of mLDs after induced lipolysis was investigated in lipin depleted 

adipocytes. In order to observe SGBS adipocytes by microscopy, we analysed cells 

before they were fully loaded of LDs (Fig. 4.24a). At day 9 of differentiation, lipin-1-

depleted cells were incubated overnight with BODIPY 558/568 C12 to stain LDs, and 

rested in basal media for two hours followed by lipolysis induction with 0.5μM of 

forskolin for two more hours. Control and lipin-1-silenced SGBS adipocytes were fixed 

and immunostained with anti lipin-1 antibody. Lipin-1 depletion and dephosphorylation 

in response to forskolin treatment were confirmed by analysing lipin protein levels by 

Western blot (Fig. 4.24b). As shown in figure 4.2b, control adipocytes showed 

increased number of dispersed mLDs after 2 hours of induced lipolysis (Fig. 4.24c). 

Interestingly, this effect could not be seen in lipin-1-depleted cells (Fig. 4.24d). 

Although the role of lipins in fatty acid recycling needs to be further study and 

characterized, our study provides evidences of the implication of this family, specially 

lipin-1 and lipin-2, in this metabolic pathway. The possible involvement of this 
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impaired recycling in obese and type 2 diabetes subjects, which exhibit reduced SAT 

lipin-1 levels and increased fatty acid plasma levels, and its deleterious consequences, 

should be considered in future studies. 

 

 

FIGURE 4.24 Lipin depletion prevents the formation of mLDs. SGBS cells were differentiated to 
adipocytes and single lipin-1 was depleted by transfection of specific siRNA at days 4 and 6, as 
explained in Material and methods (a). On day 10, after an overnight staining of the LDs with 
1 µmol/l of BODIPY 558/568 C12, cell culture media was changed to basal media for two 
hours and, next, 0.5 µmol/l forskolin was added for two hours. Cell lysates were collected and 
analysed by Western blot to confirm LPIN1 silencing. Pieces of Western blots of a 
representative experiment are shown (b). Cells were fixed and appearance of mLDs was 
assessed by fluorescence microscopy in the non-targeting control [nT] (c) and lipin-1-depleted 
adipocytes (d).  
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4.2.8. LIPIN DEPLETION DOWNREGULATES FATTY ACID 
OXIDATION 

Induced lipolysis activates both fatty acid recycling (4.2.1. and 4.2.2.2.) and, probably, 

oxidation (4.2.2.3.) in SGBS adipocytes. If silencing of lipins hampers fatty acid re-

esterification, FAO would protect adipocytes from lipotoxicity. Thus, we analysed 

whether the effect of lipolysis on the expression levels of FAO genes was altered in 

lipin-depleted adipocytes.  

For this purpose, gene expression of PPARA, PGC1A, UCP1 and the acyl fatty acid 

transporters, CPT1A and CPT2, were analysed in induced lipolysis on lipin-depleted 

SGBS adipocytes (Fig. 25). In brief, single lipin-1 depletion induced expression levels 

of PPARA, UCP1 and CPT2 in basal lipolysis (Fig. 4.25a, e, g and i). On the other 

hand, lipin-2 and lipin-3 induced basal CPT1 and downregulated CPT2 expression (Fig. 

4.25g and i). In induced lipolysis, lipin-1 significantly increased upregulation of PPARA 

and UCP1 (Fig. 4.25a and e), whereas lipin-2 and lipin-3 single knockdowns and the 

triple knockdown increased downregulation of CPT2 (Fig. 4.25i and j). 

In mice hepatocytes and adipocytes, lipin-1 is recognized as an amplifier of the hepatic 

PGC-1α/PPARα regulatory pathway and induces FAO genes and β-oxidation [267, 

401]. However, lipin-1 deficient mice show decreased expression of liver PPAR-

regulated genes and lower FAO activity [496]. On the other hand, lipin-1 deficient 

human myocytes showed no change in FAO gene expression and CPT1 activity, 

although CPT1 was reduced, compared with normal myocytes, when the metabolism 

was challenged by the addition of pro-inflammatory cytokines [379]. The induction of 

basal CPT1 might point to increased FAO rates, whereas CPT2 downregulation has 

been associated to induced oxidative phosphorylation, which would supply energy from 

ß-oxidation products [465]. Further work is needed to analyse FAO rates in lipin-

depleted SGBS adipocytes. 

Induced levels of FAO genes might be a mechanism to compensate lipin deficiency in 

SGBS adipocytes, due to an accumulation of intracellular fatty acids. An alternative 

would be that altered FAO gene expression is due directly to the transcriptional 

regulation of lipins. 
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a FIGURE 4.25 Lipin 
depletion upregulates 
fatty acid oxidation genes 
expression. Single (a, c, e, 
g, i) and triple (b, d, f, h, j) 
knockdowns of lipins were 
performed SGBS 
adipocytes, as explained in 
Methods and figure 4.16a. 
Thereafter, lipolysis was 
induced with 0.5 µmol/l 
forskolin [Fos] for four 
hours. Gene expression of 
PPARA (a, b), PGC1A (c, 
d), UCP1 (e, f), CPT1 (g, 
h) and CPT2 (i, j) was 
analysed and expressed 
relative to the untreated 
non-targeting controls 
(n=4). Data represent mean 
± SD; *p<0.05, **p<0.01, 
***p<0.001, vs. untreated 
controls; ap<0.05, bp<0.01, 
cp<0.001, vs. forskolin-
treated controls; Student T 
test. White bars, non-
targeting control; light grey 
bars, LPIN1 knockdown; 
dark grey bars, LPIN2 
knockdown; black bars, 
LPIN3 knockdown (a, c, e, 
g, i). White bars, non-
targeting control; black 
bars, triple knockdown (b, 
d, f, h, j). 
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On the other hand, UCP1 expression was significantly upregulated in both basal and 

induced lipolysis in lipin-1-depleted adipocytes. Opposite results have been reported in 

mice, where UCP1 expression was reduced in both WAT and BAT lacking lipin-1 

[320]. It has been suggested that elevated fatty acid concentration in the cytosol of 

adipocytes may induce mitochondrial uncoupling and thereby allow mitochondria to 

remove much larger amounts of fatty acids and prevent the released into the circulation 

[219]. Therefore, the loss of function of lipin-1, the main member of the lipin family, 

may induce upregulation of UCP1 as a strategy to maintain healthy adipocytes avoiding 

lipotoxicity caused by an increased of cytosolic fatty acids. 

To conclude, single knockdown of any lipin alters gene expression of FAO and 

thermogenesis. Further studies are needed to determine if the β-oxidation rate and 

thermogenesis are also altered. 

 

4.2.8.1. INHIBITION OF FATTY ACID OXIDATION DO NOT 
SIGNIFICANTLY ALTER THE CHANGES CAUSED BY 
LIPIN SILENCING IN INDUCED LIPOLYSIS 

Following the induction of lipolysis, released fatty acids are delivered to other tissues 

through the bloodstream or recycled by adipocytes. High intracellular levels of fatty 

acids induce gene expression of inflammatory cytokines and ER stress makers (Fig. 

4.22). To avoid lipotoxicity, fatty acids can be either re-esterified into TAGs or oxidised 

in mitochondria via FAO. Finally, we have shown a role of lipins on fatty acid re-

esterification (Fig. 4.20), formation of mLDs (Fig. 4.24) and, likely, on FAO (Fig. 

4.25). 

Now, we aimed to inhibit FAO by blocking fatty acid transport into the mitochondria. 

With this, we intended to force the effects of lipin-depletion. We expected that the 

absence of lipins would trigger the activation of compensatory mechanisms that may 

protect cells from lipotoxicity.  

For this purpose, lipin-silenced SGBS adipocytes were pre-treated with 50 µmol/l 

etomoxir, a CPT1 inhibitor, and induced with 0.5µM forskolin. Forskolin-induced IL-6 

and GRP94 gene expression was not aggravated by treatment with etomoxir (Fig. 4.26). 

Thus, either intracellular fatty acids do not increase with FAO inhibition, FAO rates are 

negligible in adipocytes or a compensatory mechanism buffers excess fatty acids. 
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FIGURE 4.26 Inhibition of fatty acid oxidation does not exacerbate inflammation and ER stress. 
Single (a, c) and triple (b, d) knockdowns of lipins were performed in SGBS adipocytes, as 
explained in Methods and figure 4.16a. Thereafter, cells were pre-treated with 50 µmol/l 
etomoxir [Eto] for one hour and lipolysis was induced with 0.5 µmol/l forskolin [Fos] for four 
hours. Gene expression of IL-6 (a, b) and GRP94 (c, d) were analysed and expressed relative 
to the untreated non-targeting control (n=4) (a, b). Data represent mean ± SD; *p<0.05, 
**p<0.01, ***p<0.001, vs. forskolin-treated controls; Student T test. White bars, non-targeting 
control; light grey bars, LPIN1 knockdown; dark grey bars, LPIN2 knockdown; black bars, 
LPIN3 knockdown (a, c). White bars, non-targeting control; black bars, triple knockdown (b, 
d). 

We then analysed the consequences of FAO inhibition on the lipolysis rate and the 

TAG/fatty acid cycle. Although HSL phosphorylation tended to be higher (it was 

significantly upregulated for the non-targeting control) in the presence of etomoxir 

compared with forskolin alone (Fig. 4.27a and b), glycerol release was similar to 

forskolin-treated cells (Fig. 4.27c and d). On the other hand, despite the fact that fatty 

acid release was downregulated (Fig. 4.27e and f), fatty acid re-esterification was not 

significantly induced (Fig. 4.27g and h). Moreover, lipin silencing had no apparent 

effects. Thus, FAO inhibition might not regulate induced lipolysis rates and fatty acid 

re-esterification in our conditions. Despite the reported role of FAO providing energy 
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for the TAG/fatty acid cycle during lipolysis and starvation [217], it is not the only 

pathway, and likely the oxidation of glucose, which is in high concentration in the 

culture medium, can supply the energy necessary for fatty acid re-esterification.  
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FIGURE 4.27 Inhibition of 
fatty acid oxidation does not 
alter lipolysis rates and fatty 
acid re-esterification. Single 
(a, c, e, g) and triple (b, d, f, 
h) knockdowns of lipins were 
performed in SGBS 
adipocytes, as explained in 
Methods and figure 4.16a. 
Thereafter, cells were pre-
treated with 50 µmol/l 
etomoxir [Eto] for one hour 
and lipolysis was induced 
with 0.5 µmol/l forskolin 
[Fos] for four hours. 
Phosphorylated HSL was 
analysed by Western blot and 
expressed relative to the 
untreated non-targeting 
control (n=4) (a, b). Glycerol 
(c, d) and fatty acid release (e, 
f), and glycerol to fatty acid 
ratio (g, h) were analysed and 
expressed relative to the 
untreated non-targeting 
control (n=4). Data represent 
mean ± SD; *p<0.05, 
**p<0.01, ***p<0.001, vs. 
forskolin-treated controls; 
Student T test. White bars, 
non-targeting control; light 
grey bars, LPIN1 knockdown; 
dark grey bars, LPIN2 
knockdown; black bars, 
LPIN3 knockdown (a, c, e, g). 
White bars, non-targeting 
control; black bars, triple 
knockdown (b, d, f, h). 
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4.3. CONCLUDING REMARKS 

Overall, these data point to an activation of all lipins by intracellular fatty acid levels 

that are derived from induced lipolysis. This activation is mediated by a change in their 

phosphorylation state and their translocation to microsomal membranes. Consistently, 

lipin depletion in mature adipocytes caused a downregulation of fatty acid recycling. 

Besides, lipin-1 depletion prevented the mLDs formation following induced lipolysis. 

Furthermore, the expression of several genes involved in FAO was altered in lipin 

depleted cells and may indicate an accumulation of intracellular fatty acids. However, 

further studies are needed to validate our results and assess the important role of lipins 

in fatty acid metabolism and its possible implication in both obesity and diabetes. 

The significance of these results relies on the fact that explain why insulin, a lipogenic 

hormone, inactivates lipins by triggering its soluble localization and, on the other hand, 

why enzymes that are essential for fat synthesis and storage are activated in lipolysis. 

As proposed by Ugrankar et al., lipins could efficiently regulate energy use by recycling 

fatty acids into TAG during induced lipolysis [295, 351, 442].  
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5. CHAPTER 5. FINAL CONCLUSIONS 

 
• Lipin-1 expression is reduced in SAT of obese and type 2 diabetes subjects. 

Although LPIN3 expression was induced in type 2 diabetes, lipin-3 protein 

levels were similar to normoweight participants. Nevertheless, lipin-3 

expression in the stromavascular cells may mask the effect, and future analysis 

of isolated adipocytes may help to clarify this fact. 

• SGBS adipocytes, a human pre-adipocyte cell line, express all three lipin family 

members, which partition throughout the cell. Loss-of-function experiments 

showed that the depletion of any lipin regulates the expression of the others 

members of the family. 

• Besides, lipin-1 seems to be the main paralog in human adipocytes, as reported 

in mice. Its expression is induced along adipogenesis, it seems to have higher 

content compared with the other paralogs and its depletion reduces PAP1 

activity by 95%. 

• All three lipin members have a role in adipogenesis at early stages, since their 

depletion cause the downregulation of adipogenic transcription and lipogenic 

genes. However, lipin-depleted adipocytes differentiate and accumulate neutral 

fat almost normally, even when combinatorial knockdowns are performed. This 

observation points to the existence of alternative pathways for TAG synthesis in 

human adipocytes, which will be in concordance with normal fat distribution in 

humans with deleterious mutations of LPIN1. 

• The upregulation and increased activity of the LPP family upon lipin-depletion 

led us to think that this family may account for TAG synthesis under situations 

where lipin expression is repressed. Besides, downregulation of TAG hydrolysis 

may serve to maintain TAG levels close to normal. 

• According to our data on correlations in the expression of lipins and genes of 

phospholipid biosynthesis in human AT, and the expression analysis of these 

genes and lipidomics analysis in lipin-depleted cells; lipin-2 and lipin-3 may be 

have a role in phospholipid biosynthesis. Nevertheless, the effects of lipin-2 and 

lipin-3 knockdown are also normalised in mature adipocytes. 
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• All three lipins are activated by a lipolytic stimulus in mature SGBS adipocytes. 

Upon lipolysis induction, all three lipin members become dephosphorylated and, 

consequently, translocate into membranes. 

• Lipin activation is controlled by intracellular lipolysis-released fatty acids levels 

and can be reversed by the addition of albumin, a fatty acid scavenger, or 

triacsin C, an inhibitor of fatty acid activation, pointing to their role in fatty 

acids re-esterification. 

• Lipin depletion in mature adipocytes alters the expression of several genes of 

fatty acid recycling and FAO, pointing to a role of lipins in lipid metabolism 

regulation upon lipolysis. 

• Lipin-1 depletion in adipocytes abolishes the formation of mLDs, where the 

TAG/fatty acid cycle takes place after lipolysis induction. 

• Despite the fact that lipins are not essential in human adipogenesis, its depletion 

in mature adipocytes promotes changes in lipid and fatty acid metabolism. 

Therefore, reduced levels of lipin-1 in type 2 diabetes, may trigger increased 

plasma NEFA levels. The possible therapeutic consequences should be further 

investigated. 



Chapter 6: References 
 

 177 

6. CHAPTER 6: REFERENCES 
1. WHO. Global report on diabetes.World Health Organization, Geneva, 2016. 
2. WHO. Global status report on noncommunicable diseases 2014. World Health 

Organization, Geneva, 2014. 
3. WHO. Obesity and Overweight. Fact sheet N°311. 2016. Available from 

http://www.who.int/mediacentre/factsheets/fs311/en/, accessed August 2016. 
4. Cerhan JR, Moore SC, Jacobs EJ, Kitahara CM, Rosenberg PS, Adami HO, 

Ebbert JO, English DR, Gapstur SM, Giles GG, Horn-Ross PL, Park Y, Patel 
AV, Robien K, Vainio EW, Willett WC, Wolk A, Zeleniuch-Jacquotte A, 
Hartge P, Bernstein L, Berrington de Gonzalez A. A Pooled Analysis of Waist 
Circumference and Mortality in 650,000 Adults. Mayo Clin Proc. 2014; 89(3): 
335–45. 

5. WHO. Obesity: preventing and managing the global epidemic. Report of a 
WHO Consultation. WHO Technical Report Series 894. WHO, Geneva, 2000. 

6. WHO. Waist circumference and waist–hip ratio. Report of a WHO expert 
consultation, Geneva, 8-11 December 2008. WHO, Geneva, 2011. 

7. Zhu S, Wang Z, Heshka S, Heo M, Faith MS, Heymsfield SB. Waist 
circumference and obesity-associated risk factors among whites in the third 
National Health and Nutrition Examination Survey: clinical action thresholds. 
Am J Clin Nutr. 2002; 76: 743-9. 

8. Seidell JC. Waist circumference and waist/hip ratio in relation to all-cause 
mortality, cancer and sleep apnea. Eur J Clin Nutr. 2010; 64(1): 35-41.  

9. Janssen J, Katzmarzyk PT, Ross R. Waist circumference and not body mass 
index explains obesity-related health risk. Am J Clin Nutr. 2004; 79(3): 379-84. 

10. IDF. International Diabetes Federation (IDF) Consensus Worldwide Definition 
of the Metabolic Syndrome. 2006. Available from 
http://www.idf.org/webdata/docs/IDF_Meta_def_ final.pdf, accessed 24 Nov 
2015.  

11. IDF. International Diabetes Federation (IDF) Diabetes Atlas. IDF, Belgium, 
2015.  

12. Eckel RH, Kahn R, Robertson RM, Rizza RA. Preventing cardiovascular disease 
and diabetes: a call to action from the American Diabetes Association and the 
American Heart Association. Circulation. 2006; 113(25): 2943-6. 

13. Mathers CD, Loncar D. Projections of global mortality and burden of disease 
from 2002 to 2030. PLoS Med. 2006; 3(11), e442. 

14. Johnson MB, Hattersley AT, Flanagan SE. Monogenic autoimmune diseases of 
the endocrine system. Lancet Diabetes Endocrinol. 2016. In press. doi: 
10.1016/S2213-8587(16)30095-X 

15. Scully T. Diabetes in numbers. Nature. 2012; 485(7398): S2–S3. 
16. Dabelea D, Mayer-Davis EJ, Saydah S, Imperatore G, Linder B, Divers J, Bell 

R, Badaru A, Talton JW, Crume T, Liese AD, Merchant AT, Lawrence JM, 
Reynolds K, Dolan L, Liu LL, Hamman RF. SEARCH for Diabetes in Youth 



Chapter 6: References 
 

178 

Study. Prevalence of type 1 and type 2 diabetes among children and adolescents 
from 2001 to 2009. JAMA. 2014; 311(17): 1778-86.  

17. Chen L, Magliano DJ, Zimmet PZ. The worldwide epidemiology of type 2 
diabetes mellitus—present and future perspectives. Nat Rev Endocrinol. 2011; 
8(4): 228-36. 

18. Alberti KGMM, Zimmet P and Shaw J. International Diabetes Federation: a 
consensus on Type 2diabetes prevention. Diabetic Medicine. 2007; 24: 451–463. 

19. Guilherme A, Virbasius JV, Puri V, Czech MP. Adipocyte dysfunctions linking 
obesity to insulin resistance and type 2 diabetes. Nat Rev Mol Cell Biol. 2008; 
9(5): 367-77.  

20. Kahn SE, Hull RL and Utzschneide KM. Mechanisms linking obesity to insulin 
resistance and type 2 diabetes. Nature, 2006; 444: 840-6.  

21. Abdullah A, Peeters A, de Courten M, Stoelwinder, J. The magnitude of 
association between overweight and obesity and the risk of diabetes: a meta-
analysis of prospective cohort studies. Diabetes Res Clin Pract. 2010; 89(3): 
309-19. 

22. Pellegrinelli V, Carobbio S, Vidal-Puig A. Adipose tissue plasticity: how fat 
depots respond differently to pathophysiological cues. Diabetologia. 2016; 
59(6): 1075-88.  

23. Neeland IJ, Turer AT, Ayers CR, Powell-Wiley TM, Vega GL, Farzaneh-Far R, 
Grundy SM, Khera A, McGuire DK, de Lemos JA. Dysfunctional Adiposity and 
the Risk of Prediabetes and Type 2 Diabetes in Obese Adults. JAMA. 2012; 
308(11): 1150–9.  

24. Lafontan M. Adipose tissue and adipocyte dysregulation. Diabetes Metab. 2014; 
40(1): 16-28. 

25. Rosen ED, Spiegelman BM. What we talk about when we talk about fat. Cell. 
2014; 156(1-2): 20-44.  

26. Saely CH, Geiger K, Drexel H. Brown versus white adipose tissue: a mini-
review. Gerontology. 2012; 58(1): 15-23.  

27. Peirce V, Carobbio S, Vidal-Puig A. The different shades of fat. Nature. 2014; 
510(7503): 76-83.  

28. Lee MJ, Wu Y, Fried SK. Adipose tissue heterogeneity: implication of depot 
differences in adipose tissue for obesity complications. Mol Aspects Med. 2013; 
34(1): 1-11. 

29. Harms M., Seale P. Brown and beige fat: development, function and therapeutic 
potential. Nat Med. 2013; 19:1252–63 

30. Lopategi A, López-Vicario C, Alcaraz-Quiles J, García-Alonso V, Rius B, Titos 
E, Clària J. Role of bioactive lipid mediators in obese adipose tissue 
inflammation and endocrine dysfunction. Mol Cell Endocrinol. 2016; 419: 44-
59.  

31. Park A, Kim WK, Bae KH. Distinction of white, beige and brown adipocytes 
derived from mesenchymal stem cells. World J Stem Cells. 2014; 6(1): 33-42.  



Chapter 6: References 
 

 179 

32. Masoodi M, Kuda O, Rossmeisl M, Flachs P, Kopecky J. Lipid signaling in 
adipose tissue: Connecting inflammation & metabolism. Biochim Biophys Acta. 
2015; 1851(4):503-18.  

33. Trayhurn P. Hypoxia and adipose tissue function and dysfunction in obesity. 
Physiol Rev. 2013; 93(1): 1-21. 

34. Coelho M, Oliveira T, Fernandes R. Biochemistry of adipose tissue: an 
endocrine organ. Arch Med Sci. 2013; 9(2): 191-200.  

35. Seale P, Bjork B, Yang W, Kajimura S, Chin S, Kuang S, Scimè A, 
Devarakonda S, Conroe HM, Erdjument-Bromage H, Tempst P, Rudnicki MA, 
Beier DR, Spiegelman BM. PRDM16 controls a brown fat/skeletal muscle 
switch. Nature. 2008; 454(7207): 961-7. 

36. Thuzar M, Ho KK. MECHANISMS IN ENDOCRINOLOGY: Brown adipose 
tissue in humans: regulation and metabolic significance. Eur J endocrinol. 2016; 
175(1): R11-25. 

37. Sidossis L, Kajimura S. Brown and beige fat in humans: thermogenic adipocytes 
that control energy and glucose homeostasis.J Clin Invest. 2015; 125(2): 478-86. 

38. van Marken Lichtenbelt WD, Schrauwen P. Implications of nonshivering 
thermogenesis for energy balance regulation in humans. Am J Physiol Regul 
Integr Comp Physiol. 2011; 301(2): R285-96. 

39. Vosselman MJ, van Marken Lichtenbelt WD, Schrauwen P. Energy dissipation 
in brown adipose tissue: from mice to men. Mol Cell Endocrinol. 2013; 379(1-
2): 43-50. 

40. Ma X, Lee P, Chisholm DJ, James DE. Control of adipocyte differentiation in 
different fat depots; implications for pathophysiology or therapy. Front 
Endocrinol (Lausanne). 2015; 6:1.  

41. Sanchez-Gurmaches J, Guertin DA. Adipocyte lineages: tracing back the origins 
of fat. Biochim Biophys Acta. 2014; 1842(3): 340-51. 

42. Lidell ME, Betz MJ, Dahlqvist Leinhard O, Heglind M, Elander L, Slawik M, 
Mussack T, Nilsson D, Romu T, Nuutila P, Virtanen KA, Beuschlein F, Persson 
A, Borga M, Enerbäck S. Evidence for two types of brown adipose tissue in 
humans. Nat Med. 2013; 19(5): 631-4. 

43. Cereijo R, Giralt M, Villarroya F. Thermogenic brown and beige/brite 
adipogenesis in humans. Ann Med. 2015; 47(2): 169-77.  

44. Sharp LZ, Shinoda K, Ohno H, Scheel DW, Tomoda E, Ruiz L, Hu H, Wang L, 
Pavlova Z, Gilsanz V, Kajimura S. Human BAT possesses molecular signatures 
that resemble beige/brite cells. PLoS One. 2012; 7(11), e49452. 

45. Wu J, Bostrom P, Sparks LM, Ye L, Choi JH, Giang AH. Beige adipocytes are a 
distinct type of thermogenic fat cell in mouse and human. Cell. 2012; 150: 366–
76. 

46. Sidossis LS, Porter C, Saraf MK, Børsheim E, Radhakrishnan RS, Chao T, Ali 
A, Chondronikola M, Mlcak R, Finnerty CC, Hawkins HK, Toliver-Kinsky T, 
Herndon DN. Browning of Subcutaneous White Adipose Tissue in Humans after 
Severe Adrenergic Stress. Cell Metab. 2015; 22(2): 219-27.  



Chapter 6: References 
 

180 

47. Tchkonia T, Thomou T, Zhu Y, Karagiannides I, Pothoulakis C, Jensen MD, 
Kirkland JL. Mechanisms and metabolic implications of regional differences 
among fat depots. Cell Metab. 2013; 17(5): 644-56. 

48. Roca-Rivada A, Belen Bravo S, Pérez-Sotelo D, Alonso J, Castro AI, Baamonde 
I, Baltar J, Casanueva FF, Pardo M. CILAIR-Based Secretome Analysis of 
Obese Visceral and Subcutaneous Adipose Tissues Reveals Distinctive ECM 
Remodeling and Inflammation Mediators. Sci Rep. 2015; 5, 12214.  

49. Dicker A, Aström G, Wåhlén K, Hoffstedt J, Näslund E, Wirén M, Rydén M, 
Arner P, van Harmelen V. Primary differences in lipolysis between human 
omental and subcutaneous adipose tissue observed using in vitro differentiated 
adipocytes. Horm Metab Res. 2009; 41(5): 350-5. 

50. Rodríguez A, Ezquerro S, Méndez-Giménez L, Becerril S, Frühbeck G. 
Revisiting the adipocyte: a model for integration of cytokine signaling in the 
regulation of energy metabolism. Am J Physiol Endocrinol Metab. 2015; 309(8): 
E691-714.  

51. Heinonen S, Saarinen L, Naukkarinen J, Rodríguez A, Frühbeck G, Hakkarainen 
A, Lundbom J, Lundbom N, Vuolteenaho K, Moilanen E, Arner P, Hautaniemi 
S, Suomalainen A, Kaprio J, Rissanen A, Pietiläinen KH. Adipocyte 
morphology and implications for metabolic derangements in acquired obesity. 
Int J Obes (Lond). 2014; 38(11): 1423-31. 

52. Gustafson B, Smith U. Regulation of white adipogenesis and its relation to 
ectopic fat accumulation and cardiovascular risk. Atherosclerosis. 2015; 241(1): 
27-35. 

53. Arner E, Westermark PO, Spalding KL, Britton T, Rydén M, Frisén J, Bernard 
S, Arner P. Adipocyte turnover: relevance to human adipose tissue morphology. 
Diabetes. 2010; 59(1): 105-9. 

54. Spalding KL, Arner E, Westermark PO, Bernard S, Buchholz BA, Bergmann O, 
Blomqvist L, Hoffstedt J, Näslund E, Britton T, Concha H, Hassan M, Rydén M, 
Frisén J, Arner P. Dynamics of fat cell turnover in humans. Nature. 2008; 
453(7196): 783-7.  

55. Heilbronn L, Smith SR, Ravussin E. Failure of fat cell proliferation, 
mitochondrial function and fat oxidation results in ectopic fat storage, insulin 
resistance and type II diabetes mellitus. Int J Obes Relat Metab Disord. 2004; 28 
Suppl 4: S12-21. 

56. Wronska A, Kmiec Z. Structural and biochemical characteristics of various 
white adipose tissue depots. Acta Physiol (Oxf).2012; 205(2): 194-208. 

57. Skurk T, Alberti-Huber C, Herder C, Hauner H.Relationship between adipocyte 
size and adipokine expression and secretion. J Clin Endocrinol Metab. 2007; 
92(3): 1023-33. 

58. Weyer C, Foley JE, Bogardus C, Tataranni PA, Pratley RE. Enlarged 
subcutaneous abdominal adipocyte size, but not obesity itself, predicts type II 
diabetes independent of insulin resistance. Diabetologia. 2000; 43(12): 1498-
506. 



Chapter 6: References 
 

 181 

59. Hoffstedt J, Arner E, Wahrenberg H, Andersson DP, Qvisth V, Löfgren P, 
Rydén M, Thörne A, Wirén M, Palmér M, Thorell A, Toft E, Arner P. Regional 
impact of adipose tissue morphology on the metabolic profile in morbid obesity. 
Diabetologia. 2010; 53(12): 2496-503. 

60. Moseti D, Regassa A, Kim WK. Molecular Regulation of Adipogenesis and 
Potential Anti-Adipogenic Bioactive Molecules. Int J Mol Sci. 2016; 17(1), pii: 
E124.  

61. Cristancho AG, Lazar MA. Forming functional fat: a growing understanding of 
adipocyte differentiation. Nature Reviews Molecular Cell Biology. 2011; 12: 
722–34. 

62. Ali AT, Hochfeld WE, Myburgh R, Pepper MS. Adipocyte and adipogenesis. 
Eur J Cell Biol. 2013; 92(6-7): 229-36.  

63. Lowe CE, O'Rahilly S, Rochford JJ. Adipogenesis at a glance. J Cell Sci. 2011; 
124(Pt 16): 2681-6. 

64. Berry R, Rodeheffer MS. Characterization of the adipocyte cellular lineage in 
vivo. Nat Cell Biol. 2013; 15(3): 302-8. 

65. Joe AWB, Yi L, Natarajan A, Le Grand F, So L, Wang J, Rudnicki MA and 
Rossi F MV. Muscle injury activates resident fibro/adipogenic progenitors that 
facilitate myogenesis. Nat. Cell Biol. 2010; 12: 153-63. 

66. Rodeheffer MS, Birsoy K, Friedman JM. Identification of white adipocyte 
progenitor cells in vivo. Cell. 2008; 135(2): 240-9.  

67. Tang W, Zeve D, Suh JM, BosnakovskiD, Kyba M, Hammer RE, Tallquist MD, 
Graff JM. White Fat Progenitors Reside in the Adipose Vasculature. Science. 
2008; 322(5901): 583–6.  

68. Estève D, Boulet N, Volat F, Zakaroff-Girard A, Ledoux S, Coupaye M, 
Decaunes P, Belles C, Gaits-Iacovoni F, Iacovoni JS, Rémaury A, Castel B, 
Ferrara P, Heymes C, Lafontan M, Bouloumié A, Galitzky J. Human white and 
brite adipogenesis is supported by MSCA1 and is impaired by immune cells. 
Stem Cells. 2015; 33(4): 1277-91.  

69. Sengenès C, Lolmède K, Zakaroff-Girald A, Busse R, Bouloumié A. 
Preadipocytes in the human subcutaneous adipose tissue display distinct features 
from the adult mesenchymal and hematopoietic stem cells. J Cell Physiol. 2005; 
205: 114–22. 

70. Sera Y, LaRue AC, Moussa O, Mehrotra M, Duncan JD, Williams CR, 
Nishimoto E, Schulte BA, Watson PM, Watson DK, Ogawa M. Hematopoietic 
stem cell origin of adipocytes. Exp Hematol. 2009; 37(9): 1108-20. 

71. Rydén M, Uzunel M, Hård JL, Borgström E, Mold JE, Arner E, Mejhert N, 
Andersson DP, Widlung Y, Hassan M, Jones CV, Spalding KL, Svahn BM, 
Ahmadian A, Frisén J, Bernard S, Mattsson J, Arner P. Transplanted bone 
marrow-derived cells contribute to human adipogenesis. Cell Metab. 2015; 22 
(3):408–17. 

72. Lin JC. Impacts of Alternative Splicing Events on the Differentiation of 
Adipocytes. Int J Mol Sci. 2015; 16(9): 22169-89.  



Chapter 6: References 
 

182 

73. Farmer, S.R. Transcriptional control of adipocyte formation. Cell Metab. 2006, 
4, 263-73. 

74. Gustafson B, Hammarstedt A, Hedjazifar S, Hoffmann JM, Svensson PA, 
Grimsby J, Rondinone C, Smith U. BMP4 and BMP Antagonists Regulate 
Human White and Beige Adipogenesis. Diabetes. 2015; 64(5): 1670-81.  

75. Moreno-Navarrete JM and Fernàndez-Real JM. Adipocytes differentiation. In 
Adipose Tissue Biology. ME Symonds (ed.). Springer Science Business Media. 
2012: chapter 2: 17-39. 

76. Rosen ED, MacDougald OA. Adipocyte differentiation from the inside out. Nat 
Rev Mol Cell Biol. 2006; 7(12): 885-96.  

77. Cornelius P, MacDougald OA, Lane MD. Regulation of adipocyte development. 
Annu Rev Nutr. 1994; 14: 99–129. 

78. Tanaka T, Yoshida N, Kishimoto T, Akira S. Defective adipocyte differentiation 
in mice lacking the C/EBPbeta and/or C/EBPdelta gene. EMBO J. 1997; 16(24): 
7432-43. 

79. Wu Z, Wang S. Role of kruppel-like transcription factors in adipogenesis. Dev 
Biol. 2013; 373(2): 235-43.  

80. Rosen ED, Hsu CH,Wang X, Sakai S, Freeman MW, Gonzalez FJ, Spiegelman 
BM. C/EBPα inducesadipogenesis through PPAR: A unified pathway. Genes 
Dev. 2002; 16: 22–6. 

81. Rosen ED, Walkey CJ, Puigserver P, Spiegelman BM. Transcriptional 
regulation of adipogenesis. Genes Dev. 2000; 14: 1293–307.  

82. Ahmadian M, Suh JM, Hah N, Liddle C, Atkins AR, Downes M, Evan RM. 
PPARγ signaling and metabolism: the good, the bad and the future. Nat Med. 
2013; 19(5): 557-66.  

83. Aprile M, Ambrosio MR, D’Esposito V, Beguinot F, Formisano P, Costa V, 
Ciccodicola A. PPARG in Human Adipogenesis: Differential Contribution of 
Canonical Transcripts and Dominant Negative Isoforms.PPAR Res. 2014; 2014, 
537865. 

84. Cha HC, Oak NR, Kang S, Tran TA, Kobayashi S, Shian-Chiang H, Tenen DG, 
and MacDougald OA. Phosphorylation of CCAAT/Enhancer-binding Protein α 
Regulates GLUT4 Expression and Glucose Transport in Adipocytes. J Biol 
Chem. 2008; 283(26): 18002–11.  

85. Kim JB, Spiegelman BM. ADD1/SREBP1 promotes adipocyte Differentiation 
and gene expression linked to fatty acid metabolism. Genes Dev.1996; 10: 
1096–107. 

86. Goldstein JL, DeBose-Boyd RA, Brown MS. Protein sensors for membrane 
sterols. Cell. 2006; 124(1): 35-46. 

87. Fischer-Posovszky P, Newell FS, Wabitsch M, Tornqvist HE. Human SGBS 
cells - a unique tool for studies of human fat cell biology. Obes Facts. 2008; 
1(4): 184-9. 

88. Zebisch K, Voigt V, Wabitsch M, Brandsch M. Protocol for effective 
differentiation of 3T3-L1 cells to adipocytes.Anal Biochem. 2012; 425(1): 88-
90. 



Chapter 6: References 
 

 183 

89. Green H, Kehinde O. Sublines of mouse 3T3 cells that accumulate lipid. Cell. 
1974; 1: 113-6. 

90. Darimont C, Zbinden I, Avanti O, Leone-Vautravers P, Giusti V, Burckhardt P, 
Pfeifer AM, Mace K. Reconstitution of telomerase activity combined with HPV-
E7 expression allow human preadipocytes to preserve their Differentiation 
capacity after immortalization. Cell Death Differ. 2003; 10: 1025–31. 

91. McNelis JC, Manolopoulos KN, Gathercole LL, Bujalska IJ, Stewart PM, 
Tomlinson JW, Arlt W. Dehydroepiandrosterone exerts antiglucocorticoid 
action on human preadipocyte proliferation, differentiation, and glucose uptake. 
Am J Physiol Endocrinol Metab. 2013; 305(9): E1134-44.  

92. Gathercole LL, Bujalska IJ, Stewart PM, Tomlinson JW. Glucocorticoid 
modulation of insulin signaling in human subcutaneous adipose tissue. J Clin 
Endocrinol Metab. 2007; 91: 4332–9. 

93. Zilberfarb V, Piétri-Rouxel F, Jockers R, Krief S, Delouis C, Issad T, Strosberg 
AD. Human immortalized brown adipocytes express functional beta3-
adrenoceptor coupled to lipolysis. J Cell Sci. 1997;110 ( Pt 7): 801-7. 

94. Kazantzis M, Takahashi V, Hinkle J, Kota S, Zilberfarb V, Issad T, Abdelkarim 
M, Chouchane L, Strosberg AD. PAZ6 cells constitute a representative model 
for human brown pre-adipocytes. Front Endocrinol. (Lausanne). 2012; 3: 13.  

95. Strobel A, Siquier K, Zilberfarb V, Strosberg AD, Issad T. Effect of 
thiazolidinediones on expression of UCP2 and adipocyte markers in human 
PAZ6 adipocytes. Diabetologia. 1999; 42: 527–33. 

96. Wabitsch M, Brüderlein S, Melzner I, Braun M, Mechtersheimer G, Möller P. 
LiSa-2, a novel human liposarcoma cell line with a high capacity for terminal 
adipose differentiation. Int J Cancer. 2000; 88(6): 889-94. 

97. Hugo ER, Brandebourg TD, Comstock CE, Gersin KS, Sussman JJ, Ben-
Jonathan N.LS14: a novel human adipocyte cell line that produces prolactin. 
Endocrinology. 2006; 147(1): 306-13.  

98. Torii I, Morikawa S, Nakano A, Morikawa K. Establishment of a human 
preadipose cell line, HPB-AML-I: refractory to PPARgamma-mediated 
adipogenic stimulation. J Cell Physiol. 2003; 197(1): 42-52. 

99. van Beek EA, Bakker AH, Kruyt PM, Vink C, Saris WH, Franssen-van Hal NL, 
Keijer J.Comparative expression analysis of isolated human adipocytes and the 
human adipose cell lines LiSa-2 and PAZ6. Int J Obes (Lond). 2008; 32(6): 912-
21.  

100. Wabitsch M, Brenner RE, Melzner I, Braun M, Möller P, Heinze E, 
Debatin KM, Hauner H. Characterization of a human preadipocyte cell strain 
with high capacity for adipose differentiation. Int J Obes Relat Metab Disord. 
2001; 25(1): 8-15. 

101. DeBaun MR, Ess J, Saunders S. Simpson Golabi Behmel syndrome: 
progress toward understanding the molecular basis for overgrowth, 
malformation, and cancer predisposition. Mol Genet Metab. 2001; 72(4): 279-
86. 



Chapter 6: References 
 

184 

102. Allott EH, Oliver E, Lysaght J, Gray SG, Reynolds JV, Roche HM, 
Pidgeon GP. The SGBS cell strain as a model for the in vitro study of obesity 
and cancer. Clin Transl Oncol. 2012; 14(10): 774-82.  

103. Lee MJ, Wu Y, Fried SK. A modified protocol to maximize 
differentiation of human preadipocytes and improve metabolic phenotypes. 
Obesity (Silver Spring). 2012; 20(12): 2334-40. 

104. Ebadi M, Mazurak VC. Evidence and mechanisms of fat depletion in 
cancer. Nutrients. 2014; 6(11): 5280-97.  

105. Arner P, Bernard S, Salehpour M, Possnert G, Liebl J, Steier P, Buchholz 
BA, Eriksson M, Arner E, Hauner H, Skurk T, Rydén M, Frayn KN, Spalding 
KL. Dynamics of human adipose lipid turnover in health and metabolic disease. 
Nature. 2011; 478(7367): 110-3. 

106. Rosen ED, Spiegelman BM. Adipocytes as regulators of energy balance 
and glucose homeostasis. Nature. 2006; 444(7121): 847–53. 

107. Konige M, Wang H, Sztalryd C. Role of adipose specific lipid droplet 
proteins in maintaining whole body energy homeostasis. Biochim Biophys Acta. 
2014; 1842(3): 393-401.  

108. Nielsen TS, Jessen N, Jørgensen JO, Møller N, Lund S. Dissecting 
adipose tissue lipolysis: molecular regulation and implications for metabolic 
disease. J Mol Endocrinol. 2014; 52(3): R199-222.  

109. Langin D. In and out: adipose tissue lipid turnover in obesity and 
dyslipidemia. Cell Metab. 2011; 14(5): 569-70.  

110. Coleman RA, Mashek DG. Mammalian Triacylglycerol Metabolism: 
Synthesis, Lipolysis and Signaling. Chem Rev. 2011; 111(10): 6359–86.  

111. Saponaro C, Gaggini M, Carli F, Gastaldelli A. The Subtle Balance 
between Lipolysis and Lipogenesis: A Critical Point in Metabolic Homeostasis. 
Nutrients. 2015; 7(11): 9453–74.  

112. Thompson BR, Lobo S, Bernlohr DA. Fatty acid flux in adipocytes; the 
in’s and out’s of fat cell lipid trafficking. Mol Cell Endocrinol. 2010; 318(1-2): 
24–33. 

113. Proença AR, Sertié RA, Oliveira AC, Campaña AB, Caminhotto RO, 
Chimin P, Lima FB. New concepts in white adipose tissue physiology. Braz J 
Med Biol Res. 2014; 47(3): 192-205. 

114. Kersten S. Physiological regulation of lipoprotein lipase. Biochim 
Biophys Acta. 2014; 1841(7): 919-33.  

115. Amri EZ, Teboul L, Vannier C, Grimaldi PA, Ailhaud G. Fatty acids 
regulate the expression of lipoprotein lipase gene and activity in preadipose and 
adipose cells. Biochem J. 1996; 314(Pt 2): 541–6. 

116. Auwerx J, Schoonjans K, Fruchart JC, Staels B. Regulation of 
triglyceride metabolism by PPARs: fibrates and thiazolidinediones have distinct 
effects. J Atheroscler Thromb. 1996; 3(2): 81-9. 

117. Semenkovich CF, Wims M, Noe L, Etienne J, Chan L. Insulin regulation 
of lipoprotein lipase activity in 3T3-L1 adipocytes is mediated at 



Chapter 6: References 
 

 185 

posttranscriptional and posttranslational levels. J Biol Chem. 1989; 264(15): 
9030-8. 

118. Schoonjans K, Gelman L, Haby C, Briggs M, Auwerx J. Induction of 
LPL gene expression by sterols is mediated by a sterol regulatory element and is 
independent of the presence of multiple E boxes. J Mol Biol. 2000; 304(3): 323-
34. 

119. Vidal-Puig A1, Jimenez-Liñan M, Lowell BB, Hamann A, Hu E, 
Spiegelman B, Flier JS, Moller DE. Regulation of PPAR gamma gene 
expression by nutrition and obesity in rodents. J Clin Invest. 1996; 97(11): 2553-
61. 

120. Yost TJ, Jensen DR, Haugen BR, Eckel RH. Effect of dietary 
macronutrient composition on tissue-specific lipoprotein lipase activity and 
insulin action in normal-weight subjects. Am J Clin Nutr. 1998; 68(2): 296-302. 

121. van Raalte DH, Brands M, Serlie MJ, Mudde K, Stienstra R, Sauerwein 
HP, Kersten S, Diamant M. Angiopoietin-like protein 4 is differentially 
regulated by glucocorticoids and insulin in vitro and in vivo in healthy humans. 
Exp Clin Endocrinol Diabetes. 2012; 120(10): 598-603.  

122. Kersten S, Lichtenstein L, Steenbergen E, Mudde K, Hendriks HF, 
Hesselink MK, Schrauwen P, Müller M. Caloric restriction and exercise increase 
plasma ANGPTL4 levels in humans via elevated free fatty acids. Arterioscler 
Thromb Vasc Biol. 2009; 29(6): 969-74.  

123. Chascione C, Elwyn DH, Davila M, Gil KM, Askanazi J, Kinney JM. 
Effect of carbohydrate intake on de novo lipogenesis in human adipose tissue. 
Am J Physiol. 1987; 253(6 Pt 1): E664-9. 

124. Saggerson D. Malonyl-CoA, a key signaling molecule in mammalian 
cells. Annu Rev Nutr. 2008; 28: 253-72. 

125. Strable MS, Ntambi JM. Genetic control of de novo lipogenesis: role in 
diet-induced obesity. Crit Rev Biochem Mol Biol. 2010; 45(3): 199-214.  

126. Yore MM, Syed I, Moraes-Vieira PM, Zhang T, Herman MA1, Homan 
EA, Patel RT, Lee J, Chen S, Peroni OD, Dhaneshwar AS, Hammarstedt A, 
Smith U, McGraw TE, Saghatelian A, Kahn BB. Discovery of a class of 
endogenous mammalian lipids with anti-diabetic and anti-inflammatory effects. 
Cell. 2014; 159(2): 318-32.  

127. Kursawe R, Caprio S, Giannini C, Narayan D, Lin A, D’Adamo E, Shaw 
M, Pierpont B, Cushman SW, Shulman GI. Decreased Transcription of 
ChREBP-α/β Isoforms in Abdominal Subcutaneous Adipose Tissue of Obese 
Adolescents With Prediabetes or Early Type 2 Diabetes: Associations With 
Insulin Resistance and Hyperglycemia. Diabetes. 2013; 62(3): 837–44.  

128. Eissing L, Scherer T, Tödter K, Knippschild U, Greve JW, Buurman 
WA, Pinnschmidt HO, Rensen SS, Wolf AM, Bartelt A, Heeren J, Buettner C, 
Scheja L. De novo lipogenesis in human fat and liver is linked to ChREBP-β and 
metabolic health. Nat Commun. 2013; 4: 1528. 



Chapter 6: References 
 

186 

129. Herman MA, Peroni OD, Villoria J, Schön MR, Abumrad NA, Blüher M, 
Klein S, Kahn BB. A novel ChREBP isoform in adipose tissue regulates 
systemic glucose metabolism. Nature. 2012; 484 (7394): 333–8.  

130. Wang Y, Jones Voy B, Urs S, Kim S, Soltani-Bejnood M, Quigley N, 
Heo YR, Standridge M, Andersen B, Dhar M, Joshi R, Wortman P, Taylor JW, 
Chun J, Leuze M, Claycombe K, Saxton AM, Moustaid-Moussa N. The human 
fatty acid synthase gene and de novo lipogenesis are coordinately regulated in 
human adipose tissue. J Nutr. 2004; 134(5): 1032-8. 

131. Iizuka K. Recent progress on the role of ChREBP in glucose and lipid 
metabolism. Endocr J. 2013; 60(5): 543-55.  

132. Tang Y, Wallace M, Sanchez-Gurmaches J, Hsiao WY, Li H, Lee PL, 
Vernia S, Metallo CM, Guertin DA. Adipose tissue mTORC2 regulates 
ChREBP-driven de novo lipogenesis and hepatic glucose metabolism. Nat 
Commun. 2016; 7: 11365.  

133. Viscarra JA, Ortiz RM. Cellular mechanisms regulating fuel metabolism 
in mammals: role of adipose tissue and lipids during prolonged food deprivation. 
Metabolism. 2013; 62(7): 889–97. 

134. Nye CK, Hanson RW, Kalhan SC. Glyceroneogenesis is the dominant 
pathway for triglyceride glycerol synthesis in vivo in the rat. J Biol Chem. 2008; 
283: 27565-74. 

135. Lafontan M. Advances in adipose tissue metabolism. Int J Obes (Lond). 
2008; 32(Suppl 7): S39–51. 

136. Takeuchi K, Reue K. Biochemistry, physiology, and genetics of GPAT, 
AGPAT, and lipin enzymes in triglyceride synthesis. Am J Physiol Endocrinol 
Metab. 2009; 296(6): E1195-209. 

137. Agarwal AK, Garg A. Congenital generalized lipodystrophy: significance 
of triglyceride biosynthetic pathways. Trends Endocrinol Metab. 2003; 14(5): 
214-21. 

138. Gimeno RE, Cao J. Thematic review series: glycerolipids. Mammalian 
glycerol-3-phosphate acyltransferases: new genes for an old activity. J Lipid 
Res. 2008; 49(10): 2079-88. 

139. Shan D, Li JL, Wu L, Li D, Hurov J, Tobin JF, Gimeno RE, Cao J. 
GPAT3 and GPAT4 are regulated by insulin-stimulated phosphorylation and 
play distinct roles in adipogenesis. J Lipid Res. 2010; 51(7): 1971-81.  

140. Shi Y, Cheng D. Beyond triglyceride synthesis: the dynamic functional 
roles of MGAT and DGAT enzymes in energy metabolism. Am J Physiol 
Endocrinol Metab. 2009; 297(1): E10-8.  

141. Yen CL, Stone SJ, Koliwad S, Harris C, Farese RV Jr. Thematic review 
series: glycerolipids. DGAT enzymes and triacylglycerol biosynthesis. J Lipid 
Res. 2008; 49(11): 2283-301.  

142. Kersten S. Mechanisms of nutritional and hormonal regulation of 
lipogenesis. EMBO Rep. 2001; 2(4): 282–6. 

143. Wong RH, Sul HS. Insulin signaling in fatty acid and fat synthesis: a 
transcriptional perspective. Curr Opin Pharmacol. 2010; 10: 684–91.  



Chapter 6: References 
 

 187 

144. Walther TC, Farese RV Jr. Lipid Droplets And Cellular Lipid 
Metabolism. Annu Rev Biochem. 2012; 81: 687–714. 

145. Paar M, Jüngst C, Steiner NA, Magnes C, Sinner F, Kolb D, Lass A, 
Zimmermann R, Zumbusch A, Kohlwein SD, Wolinski H. Remodeling of lipid 
droplets during lipolysis and growth in adipocytes. J Biol Chem. 2012; 287(14): 
11164-73.  

146. Aitchison AJ, Arsenault DJ, Ridgway ND. Nuclear-localized 
CTP:phosphocholine cytidylyltransferase α regulates phosphatidylcholine 
synthesis required for lipid droplet biogenesis. Mol Biol Cell. 2015; 26(16): 
2927-38. 

147. Fujimoto T, Parton RG. Not just fat: the structure and function of the 
lipid droplet. Cold Spring Harb Perspect Biol. 2011; 3(3):a004838. 

148. Kory N, Thiam AR, Farese RV Jr, Walther TC. Protein Crowding Is a 
Determinant of Lipid Droplet Protein Composition. Dev Cell. 2015; 34(3): 351-
63. 

149. Robenek H, Buers I, Robenek MJ, Hofnagel O, Ruebel A, Troyer D, 
Severs NJ. Topography of Lipid Droplet-Associated Proteins: Insights from 
Freeze-Fracture Replica Immunogold Labeling. J Lipids. 2011; 2011, 409371. 

150. Thiam AR, Farese RV Jr, Walther TC. The biophysics and cell biology 
of lipid droplets. Nat Rev Mol Cell Biol. 2013; 14(12): 775-86.  

151. Boschi F, Rizzatti V, Zamboni M, Sbarbati A. Models of lipid droplets 
growth and fission in adipocyte cells. Exp Cell Res. 2015; 336(2): 253-62 

152. Cabodevilla AG, Sánchez-Caballero L, Nintou E, Boiadjieva VG, 
Picatoste F, Gubern A, Claro E. Cell survival during complete nutrient 
deprivation depends on lipid droplet-fueled β-oxidation of fatty acids. J Biol 
Chem. 2013; 288(39): 27777-88. 

153. Hashimoto T, Segawa H, Okuno M, Kano H, Hamaguchi HO, Haraguchi 
T, Hiraoka Y, Hasui S, Yamaguchi T, Hirose F, Osumi T. Active involvement of 
micro-lipid droplets and lipid-droplet-associated proteins in hormone-stimulated 
lipolysis in adipocytes. J Cell Sci. 2012; 125(Pt 24): 6127-36. 

154. Nagayama M, Shimizu K, Taira T, Uchida T, Gohara K. Shrinking and 
development of lipid droplets in adipocytes during catecholamine-induced 
lipolysis. FEBS Lett. 2010; 584(1): 86-92.  

155. Moore HP, Silver RB, Mottillo EP, Bernlohr DA, Granneman JG. 
Perilipin targets a novel pool of lipid droplets for lipolytic attack by hormone-
sensitive lipase. J Biol Chem. 2005; 280(52):43109-20. 

156. Barbosa AD, Savage DB, Siniossoglou S. Lipid droplet-organelle 
interactions: emerging roles in lipid metabolism. Curr Opin Cell Biol. 2015; 
35:91-7. 

157. Gao Q, Goodman JM. The lipid droplet—a well-connected organelle. 
Front Cell Dev Biol. 2015; 3: 49.  

158. Herms A, Bosch M, Reddy BJ, Schieber NL, Fajardo A, Rupérez C, 
Fernández-Vidal A, Ferguson C, Rentero C, Tebar F, Enrich C, Parton RG, 
Gross SP, Pol A. AMPK activation promotes lipid droplet dispersion on 



Chapter 6: References 
 

188 

detyrosinated microtubules to increase mitochondrial fatty acid oxidation. Nat 
Commun. 2015; 6: 7176.  

159. Rutkowski JM, Stern JH, Scherer PE. The cell biology of fat expansion. J 
Cell Biol. 2015; 208(5): 501–12.  

160. Pol A, Gross SP, Parton RG. Biogenesis of the multifunctional lipid 
droplet: Lipids, proteins, and sites. J Cell Biol. 2014; 204 (5): 635–46.  

161. Farese RV Jr, Walther TC. Lipid Droplets Finally Get a Little R-E-S-P-
E-C-T. Cell. 2009; 139(5): 855-60. 

162. Krahmer N, Farese RV Jr, Walther TC. Balancing the fat: lipid droplets 
and human disease. EMBO Mol Med. 2013; 5(7): 905–15. 

163. Reue K. A Thematic Review Series: Lipid droplet storage and 
metabolism: from yeast to man. J Lipid Res. 2011; 52(11): 1865–1868. 

164. Langin D, Arner P. Importance of TNFα and neutral lipases in human 
adipose tissue lipolysis. Trends Endocrinol. Metab. 2006; 17: 314–20. 

165. Arner P. Human fat cell lipolysis: biochemistry, regulation and clinical 
role. Best Pract. Res. Clin. Endocrinol Metab. 2005; 19: 471–82. 

166. Chaves VE, Frasson D, Kawashita NH. Several agents and pathways 
regulate lipolysis in adipocytes. Biochimie. 2011; 93(10): 1631- 40. 

167. Schweiger M, Schreiber R, Haemmerle G, Lass A, Fledelius C, Jacobsen 
P, Tornqvist H, Zechner R, Zimmermann R. Adipose triglyceride lipase and 
hormone-sensitive lipase are the major enzymes in adipose tissue triacylglycerol 
catabolism. J Biol Chem. 2006; 281: 40236–41. 

168. Bezaire V, Mairal A, Ribet C, Lefort C, Giroussem A, Jocken J, 
Laurencikiene J, Anesia R, Rodríguez AM, Ryden M, Stenson BM, Dani C, 
Ailhaud G, Arner P, Langin D. Contribution of Adipose Triglyceride Lipase and 
Hormone-sensitive Lipase to Lipolysis in hMADS Adipocytes. J Biol Chem. 
2009; 284(27): 18282–91. 

169. Zimmermann R, Strauss JG, Haemmerle G, Schoiswohl G, Birner-
Gruenberger R, et al. Fat mobilization in adipose tissue is promoted by adipose 
triglyceride lipase. Science. 2004; 306: 1383–6. 

170. Eichmann TO, Kumari M, Haas JT, Farese RV Jr, Zimmermann R, Lass 
A, Zechner R. Studies on the substrate and stereo/regioselectivity of adipose 
triglyceride lipase, hormone-sensitive lipase, and diacylglycerol-O-
acyltransferases. J Biol Chem. 2012; 287(49): 41446-57.  

171. Villena JA, Roy S, Sarkadi-Nagy E, Kim KH, Sul HS. Desnutrin, an 
adipocyte gene encoding a novel patatin domain-containing protein, is induced 
by fasting and glucocorticoids: ectopic expression of desnutrin increases 
triglyceride hydrolysis. J Biol Chem. 2004; 279: 47066–75. 

172. Serr J, Suh Y, Oh SA, Shin S, Kim M, Latshaw JD, Lee K. Acute up-
regulation of adipose triglyceride lipase and release of non-esterified fatty acids 
by dexamethasone in chicken adipose tissue. Lipids. 2011; 46(9): 813-20.  

173. Kershaw EE, Hamm JK, Verhagen LA, Peroni O, Katic M, Flier JS. 
Adipose triglyceride lipase: function, regulation by insulin, and comparison with 
adiponutrin. Diabetes. 2006; 55(1): 148-57. 



Chapter 6: References 
 

 189 

174. Daval M, Diot-Dupuy F, Bazin R, Hainault I, Viollet B, Vaulont S, 
Hajduch E, Ferre P, Foufelle F. Anti-lipolytic action of AMP-activated protein 
kinase in rodent adipocytes. Journal of Biological Chemistry. 2005; 280: 25250–
7. 

175. Furuhashi M, Saitoh S, Shimamoto K, Miura T.Fatty Acid-Binding 
Protein 4 (FABP4): Pathophysiological Insights and Potent Clinical Biomarker 
of Metabolic and Cardiovascular Diseases. Clin Med Insights Cardiol. 2015; 
8(Suppl 3): 23-33 

176. Smith AJ, Thompson BR, Sanders MA, Bernlohr DA. Interaction of the 
adipocyte fatty acid-binding protein with the hormone-sensitive lipase: 
regulation by fatty acids and phosphorylation. J Biol Chem. 2007; 282: 32424–
32. 

177. Martin S. Caveolae, Lipid droplets and Adipose tissue biology. Horm 
Mol Biol Clin Investig. 2013; 15(1): 11-8. 

178. Yonezawa T, Kurata R, Kimura M, Inoko H. Which CIDE are you on? 
Apoptosis and energy metabolism. Mol Biosyst. 2011; 7(1): 91-100.  

179. Grahn TH, Zhang Y, Lee MJ, Sommer AG, Mostoslavsky G, Fried SK, 
Greenberg AS, Puri V. FSP27 and PLIN1 interaction promotes the formation of 
large lipid droplets in human adipocytes. Biochem Biophys Res Commun. 2013; 
432(2): 296-301.  

180. Sun K, Tordjman J, Clément K, Scherer PE. Fibrosis and adipose tissue 
dysfunction. Cell Metab. 2013; 18(4): 470-7. 

181. Gong J, sun Z, Wu L, Xu W, Schieber N, xu D, Shui G, Yang H, Parton 
RG, Li P. Fsp27 promotes lipid droplet growth by lipid exchange and transfer at 
lipid droplet contact sites. J. Cell Biol. 2011; 195, 953–63. 

182. Bickel PE, Tansey JT, Welte MA. PAT proteins, an ancient family of 
lipid droplet proteins that regulate cellular lipid stores. Biochim Biophys Acta. 
2009; 1791: 419–40. 

183. McDonough PM, Maciejewski-Lenoir D, Hartig SM, Hanna RA, 
Whittaker R, Heisel A, Nicoll JB, Buehrer BM, Christensen K, Mancini MG, 
Mancini MA, Edwards DP, Price JH. Differential phosphorylation of perilipin 
1A at the initiation of lipolysis revealed by novel monoclonal antibodies and 
high content analysis. PLoS One. 2013; 8(2), Pii: e55511.  

184. Duncan RE, Ahmadian M, Jaworski K, Sarkadi-Nagy E, Sul HS. 
Regulation of Lipolysis in Adipocytes. Annu Rev Nutr. 2007; 27: 79–101.  

185. Granneman JG, Moore HP, Krishnamoorthy R, Rathod M. Perilipin 
controls lipolysis by regulating the interactions of AB-hydrolase containing 5 
(Abhd5) and adipose triglyceride lipase (Atgl). J Biol Chem. 2009; 284(50): 
34538-44.  

186. Miyoshi H, Souza SC, Zhang HH, Strissel KJ, Christoffolete MA, et al. 
Perilipin promotes hormone-sensitive lipase-mediated adipocyte lipolysis via 
phosphorylation-dependent and -independent mechanisms. J Biol Chem. 2006; 
281: 15837–44. 



Chapter 6: References 
 

190 

187. Lafontan M, Berlan M. Fat cell adrenergic receptors and the control of 
white and brown fat cell function. Journal of Lipid Research. 1993; 34: 1057–
1091. 

188. Langin D. Control of fatty acid and glycerol release in adipose tissue 
lipolysis. C R Biol. 2006; 329: 598–607 

189. Sengenès C, Stich V, Berlan M, Hejnova J, Lafontan M, Pariskova Z, 
Galitzky J. Increased lipolysis in adipose tissue and lipid mobilization to 
natriuretic peptides during low-calorie diet in obese women. Int J Obes Relat 
Metab Disord. 2002; 26: 24–32. 

190. Jensen MD, Haymond MW, Gerich JE, Cryer PE, Miles JM. Lipolysis 
during fasting. Decreased suppression by insulin and increased stimulation by 
epinephrine. Journal of Clinical Investigation. 1987; 79: 207–13. 

191. Arner P, Kriegholm E, Engfeldt P, Bolinder J. Adrenergic regulation of 
lipolysis in situ at rest and during exercise. J Clinical Invest. 1990; 85: 893–898. 

192. Kanaley JA, Dall R, Moller N, Nielsen SC, Christiansen JS, Jensen MD, 
Jorgensen JO. Acute exposure to GH during exercise stimulates the turnover of 
free fatty acids in GH-deficient men. Journal of Applied Physiology. 2004; 96: 
747–53. 

193. Norrelund H, Nair KS, Nielsen S, Frystyk J, Ivarsen P, Jorgensen JO, 
Christiansen JS, Moller N. The decisive role of free fatty acids for protein 
conservation during fasting in humans with and without growth hormone. J Clin 
Endocrinol Metab. 2003; 88: 4371-8. 

194. Jensen MD, Nielsen S. Insulin dose response analysis of free fatty acid 
kinetics. Metabolism. 2007; 56(1): 68-76. 

195. Ahmadian M, Wang Y, Sul HS. Medicine in Focus: Lipolysis in 
Adipocytes. Int J Biochem Cell Biol. 2010; 42(5): 555–9.  

196. Choi YH, Park S, Hockman S, Zmuda-Trzebiatowska E, Svennelid F, 
Haluzik M, Gavrilova O, Ahmad F, Pepin L, Napolitano M, Taira M, Sundler F, 
Stenson Holst L, Degerman E, Manganiello VC. Alterations in regulation of 
energy homeostasis in cyclic nucleotide phosphodiesterase 3B-null mice. J Clin 
Invest. 2006; 116: 3240–51. 

197. DiPilato LM, Ahmad F, Harms M, Seale P, Manganiello V, Birnbaum 
MJ. The Role of PDE3B Phosphorylation in the Inhibition of Lipolysis by 
Insulin. Mol Cell Biol. 2015; 35(16): 2752–60.  

198. Chen XL, Lee K, Hartzell DL, Dean RG, Hausman GJ, McGraw RA, 
Della-Fera MA, Baile CA. Adipocyte insensitivity to insulin in growth 
hormone-transgenic mice. Biochem Biophys Res Commun. 2001; 283: 933–7. 

199. Patni N, Garg A. Congenital generalized lipodystrophies--new insights 
into metabolic dysfunction. Nat Rev Endocrinol. 2015; 11(9): 522-34.  

200. Reshef L, Olswang Y, Cassuto H, Blum B, Croniger CM, Kalhan SC, 
Tilghman SM, Hanson RW. Glyceroneogenesis and the triglyceride/fatty acid 
cycle. J Biol Chem. 2003; 278(33): 30413-6. 

201. Ellis JM, Frahm JL, Li LO, Coleman RA.Acyl-coenzyme A synthetases 
in metabolic control. Current Opinion in Lipidology.2010; 21: 212–7. 



Chapter 6: References 
 

 191 

202. Ellis JM, Bowman CE, Wolfgang MJ. Metabolic and tissue-specific 
regulation of acyl-CoA metabolism. PLoS One. 2015; 10(3), e0116587.  

203. Soupene E, Kuypers FA. Mammalian long-chain acyl-CoA synthetases. 
Exp. Biol. Med. 2008; 233: 507–21. 

204. Watkins PA, Maiguel D, Jia Z, Pevsner J. Evidence for 26 distinct acyl-
coenzyme A synthetase genes in the human genome. J Lipid Res. 2007; 48(12): 
2736-50.  

205. Coleman RA, Lewin TM, Van Horn CG, Gonzalez-Baró MR.Do acyl-
CoA synthetases regulate fatty acid entry into synthetic versus degradative 
pathways? J Nutr. 2002; 132: 2123–26. 

206. Bowman TA, O'Keeffe KR, D'Aquila T, Yan QW, Griffin JD, Killion 
EA, Salter DM, Mashek DG, Buhman KK, Greenberg AS. Acyl CoA synthetase 
5 (ACSL5) ablation in mice increases energy expenditure and insulin sensitivity 
and delays fat absorption. Mol Metab. 2016; 5(3): 210–20. 

207. Tong F, Black PN, Coleman RA, DiRusso CC. Fatty acid transport by 
vectorial acylation in mammals: roles played by different isoforms of rat long-
chain acyl-CoA synthetases. Arch Biochem Biophys. 2006; 447: 46–52. 

208. Oikawa E, Iijima H, Suzuki T, Sasano H, Sato H, Kamataki A. A novel 
acyl-CoA synthetase, ACS5, expressed in intestinal epithelial cells and 
proliferating preadipocytes. J Biochem. 1998; 124(3): 679–85. 

209. Brasaemle DL, Dolios G, Shapiro L, Wang R. Proteomic analysis of 
proteins associated with lipid droplets of basal and lipolytically stimulated 3T3-
L1 adipocytes. J Biol Chem. 2004; 279(45): 46835-42.  

210. Kassan A, Herms A, Fernández-Vidal A, Bosch M, Schieber NL, Reddy 
BJ, Fajardo A, Gelabert-Baldrich M, Tebar F, Enrich C, Gross SP, Parton RG, 
Pol A. Acyl-CoA synthetase 3 promotes lipid droplet biogenesis in ER 
microdomains. J Cell Biol. 2013; 203(6): 985-1001. 

211. Poppelreuther M., Rudolph B., Du C., Großmann R., Becker M., Thiele 
C., Ehehalt R., Füllekrug J. The N-terminal region of acyl-CoA synthetase 3 is 
essential for both the localization on lipid droplets and the function in fatty acid 
uptake. J Lipid Res. 2012; 53: 888–900. 

212. Sandoval A, Fraisl P, Arias-Barrau E, Dirusso CC, Singer D, Sealls W, 
Black PN. Fatty acid transport and activation and the expression patterns of 
genes involved in fatty acid trafficking. Arch Biochem Biophys. 2008; 477(2): 
363-71. 

213. Wang T, Zang Y, Ling W, Corkey BE, Guo W.Metabolic partitioning of 
endogenous fatty acid in adipocytes. Obes Res. 2003; 11(7): 880-7. 

214. Lee J, Ellis JM, Wolfgang MJ. Adipose fatty acid oxidation is required 
for thermogenesis and potentiates oxidative stress induced inflammation. Cell 
Rep. 2015; 10(2): 266–79.  

215. Lu RH, Ji H, Chang ZG, Su SS, Yang GS. Mitochondrial development 
and the influence of its dysfunction during rat adipocyte differentiation. Mol 
Biol Rep. 2010; 37(5): 2173-82. 



Chapter 6: References 
 

192 

216. Wilson-Fritch L, Nicoloro S, Chouinard M, Lazar MA, Chui PC, Leszyk 
J, Straubhaar J, Czech MP, Corvera S. Mitochondrial remodeling in adipose 
tissue associated with obesity and treatment with rosiglitazone. J. Clin. Invest. 
2004; 114: 1281–9. 

217. Flachs P, Rossmeisl M, Kuda O, Kopecky J. Stimulation of 
mitochondrial oxidative capacity in white fat independent of UCP1: a key to 
lean phenotype. Biochim Biophys Acta. 2013; 1831(5): 986-1003.  

218. Karamitri A, Shore AM, Docherty K, Speakman JR, Lomax MA. 
Combinatorial transcription factor regulation of the cyclic AMP-response 
element on the Pgc-1alpha promoter in white 3T3-L1 and brown HIB-1B 
preadipocytes. J Biol Chem. 2009; 284(31): 20738-52.  

219. Maassen JA, Romijn JA, Heine RJ. Fatty acid-induced mitochondrial 
uncoupling in adipocytes as a key protective factor against insulin resistance and 
beta cell dysfunction: a new concept in the pathogenesis of obesity-associated 
type 2 diabetes mellitus. Diabetologia. 2007; 50: 2036–41. 

220. Mazzucotelli A1, Viguerie N, Tiraby C, Annicotte JS, Mairal A, 
Klimcakova E, Lepin E, Delmar P, Dejean S, Tavernier G, Lefort C, Hidalgo J, 
Pineau T, Fajas L, Clément K, Langin D. The transcriptional coactivator 
peroxisome proliferator activated receptor (PPAR) gamma coactivator-1 alpha 
and the nuclear receptor PPAR alpha control the expression of glycerol kinase 
and metabolism genes independently of PPAR gamma activation in human 
white adipocytes. Diabetes. 2007; 56(10): 2467-75.  

221. Tiraby C, Langin D. Conversion from white to brown adipocytes: a 
strategy for the control of fat mass? Trends Endocrinol Metab. 2003; 14: 439–
41. 

222. Wolfgang MJ, Lane MD. Control of energy homeostasis: role of 
enzymes and intermediates of fatty acid metabolism in the central nervous 
system. Annu Rev Nutr. 2006; 26: 23–44. 

223. Schreurs M, Kuipers F, van der Leij FR. Regulatory enzymes of 
mitochondrial beta-oxidation as targets for treatment of the metabolic syndrome. 
Obes Rev. 2010; 11(5): 380-8. 

224. Gao X, Li K, Hui X, Kong X, Sweeney G, Wang Y, Xu A, Teng M, Liu 
P, Wu D. Carnitine palmitoyltransferase 1A prevents fatty acid-induced 
adipocyte dysfunction through suppression of c-Jun N-terminal kinase. Biochem 
J. 2011; 435(3): 723-32.  

225. Vaughan M. The production and release of glycerol by adipose tissue 
incubated in vitro.J Biol Chem. 1962; 237: 3354-8. 

226. Zhou D, Samovski D, Okunade AL, Stahl PD, Abumrad NA, Su X. 
CD36 level and trafficking are determinants of lipolysis in adipocytes. FASEB J. 
2012; 26(11): 4733-42.  

227. Bonen A, Tandon NN, Glatz JF, Luiken JJ, Heigenhauser GJ. The fatty 
acid transporter FAT/CD36 is upregulated in subcutaneous and visceral adipose 
tissues in human obesity and type 2 diabetes. Int J Obes (Lond). 2006; 30(6): 
877-83. 



Chapter 6: References 
 

 193 

228. Baldwin RL. Metabolic functions affecting the contribution of adipose 
tissue to total energy expenditure. Fed Proc. 1970: 29(3): 1277–1283. 

229. Barneda D, Frontini A, Cinti S, Christian M. Dynamic changes in lipid 
droplet-associated proteins in the "browning" of white adipose tissues. Biochim 
Biophys Acta. 2013; 1831(5): 924-33.  

230. Forest C, Tordjman J, Glorian M, Duplus E, Chauvet G, Quette J, Beale 
EG, Antoine B. Fatty acid recycling in adipocytes: a role for glyceroneogenesis 
and phosphoenolpyruvate carboxykinase. Biochem Soc Trans. 2003; 31(Pt 6): 
1125-9. 

231. Frayn KN, Langin D, Karpe F. Fatty acid-induced mitochondrial 
uncoupling in adipocytes is not a promising target for treatment of insulin 
resistance unless adipocyte oxidative capacity is increased. Diabetologia. 2008; 
51(3): 394-7. 

232. Hains A, Listenberger L. Manipulation of phospholipid composition 
alters protein binding to lipid droplets. FASEB J.2014; 25(1), 606.3. 

233. Vance JE. Phospholipid synthesis and transport in mammalian cells. 
Traffic. 2015; 16(1): 1-18. 

234. Qi Y, Kapterian TS, Du X, Ma Q, Fei W, Zhang Y, Huang X, Dawes IW, 
Yang H. CDP-diacylglycerol synthases regulate the growth of lipid droplets and 
adipocyte development. J Lipid Res. 2016; 57(5): 767-80.  

235. Carman GM, Han GS. Regulation of Phospholipid Synthesis in the Yeast 
Saccharomyces cerevisiae. Annu Rev Biochem. 2011; 80: 859–83.  

236. Fagone P, Jackowski S. Membrane phospholipid synthesis and 
endoplasmic reticulum function. J Lipid Res. 2009; 50 Suppl: S311-6.  

237. Carman GM, Han GS. Phosphatidic Acid Phosphatase, a Key Enzyme in 
the Regulation of Lipid Synthesis. J Biol Chem. 2009; 284(5): 2593-7.  

238. Liu Y, Wang W, Shui G, Huang X. CDP-diacylglycerol synthetase 
coordinates cell growth and fat storage through phosphatidylinositol metabolism 
and the insulin pathway. PLoS Genet. 2014; 10(3), e1004172. 

239. Kennedy EP, Weiss SB. The function of cytidine coenzymes in the 
biosynthesis of phospholipides. J Biol Chem. 1956; 222(1): 193-214. 

240. Hörl G, Wagner A, Cole LK, Malli R, Reicher H, Kotzbeck P, Köfeler H, 
Höfler G, Frank S, Bogner-Strauss JG, Sattler W, Vance DE, Steyrer E. 
Sequential Synthesis and Methylation of Phosphatidylethanolamine Promote 
Lipid Droplet Biosynthesis and Stability in Tissue Culture and in Vivo. J Biol 
Chem. 2011; 286(19): 17338–50. 

241. Krahmer N, Guo Y, Wilfling F, Hilger M, Lingrell S, Heger K, Newman 
HW, Schmidt-Supprian M, Vance DE, Mann M, Farese RV Jr, Walther TC. 
Phosphatidylcholine synthesis for lipid droplet expansion is mediated by 
localized activation of CTP:phosphocholine cytidylyltransferase. Cell Metab. 
2011; 14(4): 504-15. 

242. Gibellini F, Smith TK. The Kennedy pathway--De novo synthesis of 
phosphatidylethanolamine and phosphatidylcholine. IUBMB Life. 2010; 62(6): 
414-28. 



Chapter 6: References 
 

194 

243. Lands WE. Metabolism of glycerolipides: A comparison of lecithin and 
triglyceride synthesis. J Biol Chem. 1958; 231: 883–8. 

244. Lands WE. Lipid metabolism. Annu Rev Biochem. 1965; 34: 313–46. 
245. Shindou H, Shimizu T. Acyl-CoA:lysophospholipid acyltransferases. J 

Biol Chem. 2009; 284(1): 1-5. 
246. Moessinger C, Kuerschner L, Spandl J, Shevchenko A, Thiele C. Human 

lysophosphatidylcholine acyltransferases 1 and 2 are located in lipid droplets 
where they catalyze the formation of phosphatidylcholine. J Biol Chem. 2011; 
286(24): 21330-9. 

247. Eto M, Shindou H, Koeberle A, Harayama T, Yanagida K, Shimizu T. 
Lysophosphatidylcholine acyltransferase 3 is the key enzyme for incorporating 
arachidonic acid into glycerophospholipids during adipocyte differentiation. Int 
J Mol Sci. 2012; 13(12): 16267-80. 

248. Olson AL. Regulation of GLUT4 and Insulin-Dependent Glucose Flux. 
ISRN Molecular Biology. 2012; 2012:856987. 

249. Alessi DR, Cohen P. Mechanism of activation and function of protein 
kinase B. Curr Opin Genet Dev. 1998; 8(1): 55-62. 

250. Okada T, Kawano Y, Sakakibara T, Hazeki O, Ui M. Essential role of 
phosphatidylinositol 3-kinase in insulin-induced glucose transport and 
antilipolysis in rat adipocytes. Studies with a selective inhibitor wortmannin. J 
Biol Chem. 1994; 269: 3568-73. 

251. Boney CM, Gruppuso PA, Faris RA, Frackelton AR Jr. The critical role 
of Shc in insulin-like growth factor-I-mediated mitogenesis and differentiation 
in 3T3–L1 preadipocytes. Mol Endocrinol. 2000; 14: 805– 813. 

252. Roth MG. Molecular mechanism of PLD function in membrane traffic. 
Traffic. 2008; 9: 1233-9. 

253. Prusty D, Park BH, Davis KE, Farmer SR. Activation of MEK/ERK 
signalling promotes adipogenesis by enhancing peroxisome proliferator-
activated receptor gamma (PPARgamma) and C/EBPalpha gene expression 
during the differentiation of 3T3–L1 preadipocytes. J Biol Chem. 2002; 277: 
46226–32. 

254. Zhang B, Berger J, Zhou G, Elbrecht A, Biswas S, White-Carrington S, 
Szalkowski D, Moller DE. Insulin- and mitogen-activated protein 
kinasemediated phosphorylation and activation of peroxisome proliferator-
activated receptor gamma. J Biol Chem. 1996; 271: 31771–4. 

255. Olarescu NC, Bollerslev J. The Impact of Adipose Tissue on Insulin 
Resistance in Acromegaly. Trends Endocrinol Metab. 2016; 27(4): 226-37. 

256. Takagi Y, Kinoshita K, Ozaki N, Seino Y, Murata Y, Oshida Y, Hayashi 
Y. Mice Deficient in Proglucagon-Derived Peptides Exhibit Glucose Intolerance 
on a High-Fat Diet but Are Resistant to Obesity. PLoS One. 2015; 10(9), 
e0138322. 

257. Abel ED, Peroni O, Kim JK, Kim YB, Boss O, Hadro E, Minnemann T, 
Shulman GI, Kahn BB. Adipose-selective targeting of the GLUT4 gene impairs 
insulin action in muscle and liver. Nature. 2001; 409(6821): 729-33.  



Chapter 6: References 
 

 195 

258. Stephens JM, Lee J, Pilch PF. Tumor necrosis factor-α-induced insulin 
resistance in 3T3-L1 adipocytes is accompanied by a loss of insulin receptor 
substrate 1 and GLUT4 expression without a loss of insulin receptor-mediated 
signal transduction. J Biol Chem. 1977; 272: 971–6. 

259. Péterfy M, Phan J, Xu P, Reue K. Lipodystrophy in the fld mouse results 
from mutation of a new gene encoding a nuclear protein, lipin. Nat Genet. 2001; 
27: 121-4. 

260. Han GS, Wu WI, Carman GM. The Saccharomyces cerevisiae Lipin 
homolog is a Mg2+-dependent phosphatidate phosphatase enzyme. J Biol Chem. 
2006; 281(14): 9210-8. 

261. Donkor J, Sariahmetoglu M, Dewald J, Brindley DN, Reue K. Three 
mammalian lipins act as phosphatidate phosphatases with distinct tissue 
expression patterns. J Biol Chem 2007; 282(6): 3450-7.  

262. Sembongi H, Miranda M, Han GS, Fakas S, Grimsey N, Vendrell J, 
Carman GM, Siniossoglou S. Distinct roles of the phosphatidate phosphatases 
lipin 1 and 2 during adipogenesis and lipid droplet biogenesis in 3T3-L1 cells. J 
Biol Chem. 2013; 288(48): 34502-13. 

263. Csaki LS, Dwyer JR, Li X, Nguyen MH, Dewald J, Brindley DN, Lusis 
AJ, Yoshinaga Y, de Jong P, Fong L, Young SG, Reue K. Lipin-1 and lipin-3 
together determine adiposity in vivo. Mol Metab. 2013; 3(2): 145-54. 

264. Harris TE, Finck BN. Dual function lipin proteins and glycerolipid 
metabolism. Trends Endocrinol Metab. 2011; 22(6): 226-33.  

265. Adeyo O, Horn PJ, Lee S, Binns DD, Chandrahas A, Chapman KD, 
Goodman JM. The yeast lipin orthologue Pah1p is important for biogenesis of 
lipid droplets. J Cell Biol 2011; 192(6): 1043-55.  

266. Valdearcos M, Esquinas E, Meana C, Gil-de-Gómez L, Guijas C, 
Balsinde J, Balboa MA. Subcellular localization and role of lipin-1 in human 
macrophages. J Immunol. 2011; 186(10): 6004-13 

267. Finck BN, Gropler MC, Chen Z, Leone TC, Croce MA, Harris TE, 
Lawrence JC Jr, Kelly DP. Lipin 1 is an inducible amplifier of the hepatic PGC-
1alpha/PPARalpha regulatory pathway. Cell Metab. 2006; 4: 199–210.  

268. Zeharia A, Shaag A, Houtkooper RH, Hindi T, de Lonlay P, Erez G, 
Hubert L, Saada A, de Keyzer Y, Eshel G, Vaz FM, Pines O, Elpeleg O. 
Mutations in LPIN1 cause recurrent acute myoglobinuria in childhood. Am J 
Hum Genet. 2008; 83: 489–94. 

269. Suviolahti E, Reue K, Cantor RM, Phan J, Gentile M, Naukkarinen J, et 
al. Cross-species analyses implicate Lipin 1 involvement in human glucose 
metabolism. Hum Mol Genet. 2006; 15: 377–86. 

270. Yao-Borengasser[259]. A, Rasouli N, Varma V, Miles LM, Phanavanh 
B, Starks TN, Phan J, Spencer HJ, McGehee RE Jr, Reue K, Kern PA. Lipin 
expression is attenuated in adipose tissue of insulin-resistant human subjects and 
increases with peroxisome proliferator-activated receptor gamma activation. 
Diabetes. 2006; 55: 2811–8. 



Chapter 6: References 
 

196 

271. Saggerson ED. Phosphatidate phosphohydrolase: its role in glycerolipid 
synthesis. In Phosphatidate phosphohydrolase: Its role in Glycerolipid Synthesis. 
CRC Press Inc (Boca Raton). 1988: 79–129. 

272. Taylor SJ, Saggerson ED. Adipose-tissue Mg2+-dependent phosphatidate 
phosphohydrolase. Control of activity and subcellular distribution in vitro and in 
vivo. Biochem J. 1986; 239(2): 275-84. 

273. Han GS, Carman GM: Characterization of the human LPIN1-encoded 
phosphatidate phosphatase isoforms. J Biol Chem. 2010; 285: 14628–38.  

274. Péterfy M, Phan J, Reue K. Alternatively spliced lipin isoforms exhibit 
distinct expression pattern, subcellular localization, and role in adipogenesis. J 
Biol Chem. 2005; 280(38): 32883-9. 

275. Harris TE, Huffman TA, Chi A, Shabanowitz J, Hunt DF, Kumar A, and 
Lawrence JC, Jr. Insulin controls subcellular localization and multisite 
phosphorylation of the phosphatidic acid phosphatase, lipin 1. J Biol Chem. 
2007; 282: 277-86.  

276. Kok BP, Skene-Arnold TD, Ling J, Benesch MG, Dewald J, Harris TE, 
Holmes CF, Brindley DN. Conserved residues in the N-terminus of lipin-1 are 
required for binding to protein phosphatase-1c, nuclear translocation and 
phosphatidate phosphatase activity. J Biol Chem. 2014; 289(15): 10876-86. 

277. Csaki LS, Dwyer JR, Fong LG, Tontonoz P, Young SG, Reue K. Lipins, 
lipinopathies, and the modulation of cellular lipid storage and signaling. Prog 
Lipid Res. 2013; 52(3): 305-16.  

278. Donkor J, Zhang P, Wong S, O'Loughlin L, Dewald J, Kok BP, Brindley 
DN, Reue K. A conserved serine residue is required for the phosphatidate 
phosphatase activity but not the transcriptional coactivator functions of lipin-1 
and lipin-2. J Biol Chem. 2009; 284(43): 29968-78.  

279. Eaton JM, Mullins GR, Brindley DN, Harris TE. Phosphorylation of lipin 
1 and charge on the phosphatidic acid head group control its phosphatidic acid 
phosphatase activity and membrane association. J Biol Chem. 2013; 288(14): 
9933-45.  

280. Ren H, Federico L, Huang H, Sunkara M, Drennan T, Frohman MA, 
Smyth SS, Morris AJ. A phosphatidic acid binding/nuclear localization motif 
determines lipin1 function in lipid metabolism and adipogenesis. Mol Biol Cell. 
2010; 21: 3171–81. 

281. Carman GM, Han GS. Roles of phosphatidate phosphatase enzymes in 
lipid metabolism. Trends Biochem Sci. 2006; 31(12): 694-9.  

282. Csaki LS, Reue K. Lipins: Multifunctional Lipid Metabolism Proteins. 
Annu Rev Nutr. 2010; 30: 257–72.  

283. Bou Khalil M, Blais A, Figeys D, Yao Z. Lipin - The bridge between 
hepatic glycerolipid biosynthesis and lipoprotein metabolism. Biochim Biophys 
Acta. 2010; 1801(12): 1249-59.  

284. Wang H, Zhang J, Qiu W, Han GS, Carman GM, Adeli K. Lipin-
1[gamma] isoform is a novel lipid droplet-associated protein highly expressed in 
the brain. FEBS Lett. 2011; 585: 1979–84. 



Chapter 6: References 
 

 197 

285. Dwyer JR, Donkor J, Zhang P, Csaki LS, Vergnes L, Lee JM, Dewald J, 
Brindley DN, Atti E, Tetradis S, Yoshinaga Y, De Jong PJ, Fong LG, Young 
SG, Reue K. Mouse lipin-1 and lipin-2 cooperate to maintain glycerolipid 
homeostasis in liver and aging cerebellum. Proc Natl Acad Sci USA. 2012; 
109(37): E2486-95.  

286. Schweitzer GG, Chen Z, Gan C, McCommis KS, Soufi N, Chrast R, 
Mitra MS, Yang K, Gross RW, Finck BN. Liver-specific loss of lipin-1-
mediated phosphatidic acid phosphatase activity does not mitigate intrahepatic 
TG accumulation in mice. J Lipid Res. 2015; 56(4): 848-58. 

287. Grimsey N, Han GS, O'Hara L, Rochford JJ, Carman GM, Siniossoglou 
S. Temporal and spatial regulation of the phosphatidate phosphatases lipin 1 and 
2. J Biol Chem, 2008; 283: 29166–74.  

288. Gropler MC, Harris TE, Hall AM, Wolins NE, Gross RW, Han X, Chen 
Z, Finck BN. Lipin 2 is a liver-enriched phosphatidate phosphohydrolase 
enzyme that is dynamically regulated by fasting and obesity in mice. J Biol 
Chem. 2009; 284(11): 6763-72.  

289. Eaton JM, Takkellapati S, Lawrence RT, McQueeney KE, Boroda S, 
Mullins GR, Sherwood SG, Finck BN, Villén J, Harris TE. Lipin 2 binds 
phosphatidic acid by the electrostatic hydrogen bond switch mechanism 
independent of phosphorylation. J Biol Chem. 2014; 289(26): 18055-66.  

290. Huang H, Gao Q , Peng X, Choi SY, Sarma K, Ren H, Morris AJ, and 
Frohman MA. piRNA-associated germline nuage formation and 
spermatogenesis require MitoPLD pro-fusogenic mitochondrial-surface lipid 
signaling. Dev Cell. 2011; 20(3): 376–87.  

291. Liu GH, Qu J, Carmack AE, Kim HB, Chen C, Ren H, et al. Lipin 
proteins form homo- and hetero-oligomers. Biochem J. 2010; 432: 65–76. 

292. Péterfy M, Harris TE, Fujita N, Reue K. Insulin-stimulated interaction 
with 14-3-3 promotes cytoplasmic localization of lipin-1 in adipocytes. J Biol 
Chem. 2010; 285(6): 3857-64.  

293. Chen Y, Rui BB, Tang LY, Hu CM. Lipin family proteins--key 
regulators in lipid metabolism. Ann Nutr Metab. 2015; 66(1): 10-8. 

294. Hubscher G, Brindley DN, Smith ME, Sedgwick B. Stimulation of 
biosynthesis of glyceride. Nature. 1967: 449–53. 

295. Reue K and Brindley. Thematic Review Series: Glycerolipids. Multiple 
roles for lipins/phosphatidate phosphatase enzymes in lipid metabolism. J Lipid 
Res. 2008; 49: 2493–503. 

296. Zhang P, Verity MA, Reue K. Lipin-1 regulates autophagy clearance and 
intersects with statin drug effects in skeletal muscle. Cell Metab. 2014; 20, 267–
79. 

297. Phan J, Reue K. Lipin, a lipodystrophy and obesity gene. Cell 
metabolism. 2005; 1: 73–83. 

298. Valdearcos M, Esquinas E, Meana C, Peña L, Gil-de-Gómez L, Balsinde 
J, Balboa MA. Lipin-2 reduces proinflammatory signaling induced by saturated 
fatty acids in macrophages. J Biol Chem. 2012; 287(14): 10894-904.  



Chapter 6: References 
 

198 

299. Tomita M, Okuyama T, Katsuyama H, Miura Y, Nishimura Y, Hidaka K, 
Otsuki T, and Ishikawa T. Mouse model of paraquat poisoned lungs and its gene 
expression profile. Toxicology. 2007; 231: 200–9. 

300. Boverhof DR, Burgoon LD, Tashiro C, Chittim B, Harkema JR, Jump 
DB, and Zacharewski TR. Temporal and dose-dependent hepatic gene 
expression patterns in mice provide new insights into TCDD-Mediated 
hepatotoxicity. Toxicol Sci. 2005; 85: 1048–63.  

301. Ryu D, Seo WY, Yoon YS, Kim YN, Kim SS, Kim HJ, Park TS, Choi 
CS, Koo SH. Endoplasmic reticulum stress promotes LIPIN2-dependent hepatic 
insulin resistance. Diabetes. 2011; 60(4): 1072-81.  

302. Lykidis A, Jackowski S. Regulation of mammalian cell membrane 
biosynthesis. Prog Nucleic Acid Res Mol Biol. 2001; 65: 361-93.  

303. Brindley DN. Intracellular translocation of phosphatidate 
phosphohydrolase and its possible role in the control of glycerolipid synthesis. 
Prog Lipid Res. 1984; 23(3): 115-33. 

304. Siniossoglou S. Distinct roles of the phosphatidate phosphatases lipin 1 
and 2 during adipogenesis and lipid droplet biogenesis in 3T3-L1 cells. J Biol 
Chem. 2013; 288(48): 34502-13. 

305. Sasser T, Qiu QS, Karunakaran S, Padolina M, Reyes A, Flood B, Smith 
S, Gonzales C, Fratti RA. Yeast lipin 1 orthologue pah1p regulates vacuole 
homeostasis and membrane fusion. J Biol Chem. 2012; 287(3): 2221-36.  

306. Golden A, Liu J, Cohen-Fix O. Inactivation of the C. Elegans lipin 
homolog leads to ER disorganization and to defects in the breakdown and 
reassembly of the nuclear envelope. J Cell Sci. 2009; 122: 1970–8. 

307. Fagone P, Sriburi R, Ward-Chapman C, Frank M, Wang J, Gunter C, 
Brewer JW, Jackowski S. Phospholipid biosynthesis program underlying 
membrane expansion during B-lymphocyte differentiation. J Biol Chem. 2007; 
282(10): 7591-605. 

308. Liu Y, Su Y, Wang X. Phosphatidic acid-mediated signaling. Adv Exp 
Med Biol. 2013; 991: 159-76.  

309. Kooijman EE, Tieleman DF, Testerink C, Munnik T, Rijkers DT, 
Burguer KN and Kruijff B. An electrostatic/hydrogen bond switch as the basis 
for the specific interaction of phosphatidic acid with proteins. J Biol Chem. 
2007; 282(15): 1135-64. 

310. Kooijman EE, Chupin V, de Kruijff B, Burguer KN. Modulation of the 
membrane curvature by phosphatidic acid and lysophosphatidic acid. Traffic. 
2003; 4: 162-74. 

311. Fei W, Shui G, Zhang, Y, Krahmer, N, Ferguson C, Kapterian TS, Lin 
RC, Dawes IW, Brown AJ, Li P, Huang X, Parton RG, Wenk MR, Walther TC, 
Yang H. A role for phosphatidic acid in the formation of “supersized2 lipid 
droplets. PloS Genet. 2011; 7(7), e1002201. 

312. Brindley DN, Pilquil C, Sariahmetoglu M, Reue K. Phosphatidate 
degradation: phosphatidate phosphatases (lipins) and lipid phosphate 
phosphatases. Biochim Biophys Acta. 2009; 1791: 956-61.  



Chapter 6: References 
 

 199 

313. Jamal Z, Martin A, Gómez-Muñoz A, Brindley DN. Plasma membrane 
fractions from rat liver contain a phosphatidate phosphohydrolase distinct from 
that in the endoplasmic reticulum and cytosol. J Biol Chem. 1991; 266: 2988–
96.  

314. Tang X, Benesch MG, Brindley DN. Lipid phosphate phosphatases and 
their roles in mammalian physiology and pathology. J Lipid Res. 2015; 56(11): 
2048-60.  

315. Mitra MS, Chen Z, Ren H, Harris TE, Chambers KT, Hall AM, Nadra K, 
Klein S, Chrast R, Su X, Morris AJ, Finck BN. Mice with an adipocyte-specific 
lipin 1 separation-of-function allele reveal unexpected roles for phosphatidic 
acid in metabolic regulation. Proc Natl Acad Sci USA. 2013; 110(2): 642–7.  

316. Makarova M, Gu Y, Chen JS, Beckley JR, Gould KL, Oliferenko S. 
Temporal Regulation of Lipin Activity Diverged to Account for Differences in 
Mitotic Programs. Curr Biol. 2016; 26(2): 237-43.  

317. Mall M, Walter T, Gorjánácz M, Davidson IF, Nga Ly-Hartig TB, 
Ellenberg J, Mattaj IW. Mitotic lamin disassembly is triggered by lipid-mediated 
signaling. J Cell Biol. 2012; 198(6): 981-90.  

318. Shaughnessy R, Retamal C, Oyanadel C, Norambuena A, López A, 
Bravo-Zehnder M, Montecino FJ, Metz C, Soza A, González A. Epidermal 
growth factor receptor endocytic traffic perturbation by phosphatidate 
phosphohydrolase inhibition: new strategy against cancer. FEBS J. 2014; 
281(9): 2172-89.  

319. Zhang P, Takeuchi K, Csaki LS, Reue K. Lipin-1 phosphatidic 
phosphatase activity modulates phosphatidate levels to promote peroxisome 
proliferator-activated receptor γ (PPARγ) gene expression during adipogenesis. J 
Biol Chem. 2012; 287(5): 3485-94.  

320. Nadra K, Médard JJ, Mul JD, Han GS, Grès S, Pende M, Metzger D, 
Chambon P, Cuppen E, Saulnier-Blache JS, Carman GM, Desvergne B, Chrast 
R. Cell autonomous lipin 1 function is essential for development and 
maintenance of white and brown adipose tissue. Mol Cell Biol. 2012; 32(23): 
4794-810. 

321. Ryu D, Oh KJ, Jo HY, Hedrick S, Kim YN, Hwang YJ, Park TS, Han JS, 
Choi CS, Montminy M, Koo SH. TORC2 regulates hepatic insulin signaling via 
a mammalian phosphatidic acid phosphatase, LIPIN1. Cell Metab. 2009; 9(3): 
240-51.  

322. Meana C, Peña L, Lordén G, Esquinas E, Guijas C, Valdearcos M, 
Balsinde J, Balboa MA. Lipin-1 integrates lipid synthesis with proinflammatory 
responses during TLR activation in macrophages. J Immunol. 2014; 193(9): 
4614-22.  

323. Bou Khalil M, Sundaram M, Zhang HY, et al. The level and 
compartmentalization of phosphatidate phosphatase-1 (lipin-1) control the 
assembly and secretion of hepatic very low density lipoproteins. J Lipid Res. 
2008; 50: 47–58.  



Chapter 6: References 
 

200 

324. Kooijman EE, Chupin V, Fuller NL, Kozlov MM, de Kruijff B, Burger 
KNJ, and Rand RR. Spontaneous Curvature of Phosphatidic Acid and 
Lysophosphatidic Acid. Biochemistry. 2005; 44 (6): 2097–102. 

325. Gowri PM, Sengupta S, Bertera S, Katzenellenbogen BS. Lipin1 
regulation by estrogen in uterus and liver: implications for diabetes and fertility. 
Endocrinology. 2007; 148(8): 3685-93.  

326. Skinner JR, Shew TM, Schwartz DM, Tzekov A, Lepus CM, Abumrad 
NA, Wolins NE. Diacylglycerol enrichment of endoplasmic reticulum or lipid 
droplets recruits perilipin 3/TIP47 during lipid storage and mobilization. J Biol 
Chem. 2009; 284(45): 30941-8. 

327. Chae M, Jung JY, Bae IH, Kim HJ, Lee TR, Shin DW. Lipin-1 
expression is critical for keratinocyte differentiation. J Lipid Res. 2016; 57(4): 
563-73.  

328. Mannerås-Holm L, Kirchner H, Björnholm M, Chibalin AV, Zierath JR. 
mRNA expression of diacylglycerol kinase isoforms in insulin-sensitive tissues: 
effects of obesity and insulin resistance. Physiol Rep. 2015; 3(4), pii: e12372.  

329. Shulga YV, Topham MK. Epand RM. Regulation and functions of 
diacylglycerol kinases. Chem Rev. 2011; 111: 6186–208. 

330. Chibalin AV, Leng Y, Vieira E, Krook A, Björnholm M, Long YC, 
Kotova O, Zhong Z, Sakane F, Steiler T, Nylén C, Wang J, Laakso M, Topham 
MK, Gilbert M, Wallberg-Henriksson H, Zierath JR. Downregulation of 
diacylglycerol kinase delta contributes to hyperglycemia-induced insulin 
resistance. Cell. 2008; 132: 375–86. 

331. Kim HB, Kumar A, Wang L, Liu GH, Keller SR, Lawrence JC Jr, Finck 
BN, Harris TE. Lipin 1 represses NFATc4 transcriptional activity in adipocytes 
to inhibit secretion of inflammatory factors. Mol Cell Biol. 2010; 30: 3126–39. 

332. Koh YK, Lee MY, Kim JW, Kim M, Moon JS, Lee YJ, Ahn YH, Kim 
KS. Lipin1 is a key factor for the maturation and maintenance of adipocytes in 
the regulatory network with CCAAT/enhancer-binding protein alpha and 
peroxisome proliferator-activated receptor gamma 2. J Biol Chem. 2008; 283: 
34896–906.  

333. Higashida K, Higuchi M, Terada S. Potential role of lipin-1 in exercise-
induced mitochondrial biogenesis. Biochem Biophys Res Commun. 2008; 
374(3): 587-91.  

334. Chen Z, Gropler MC, Mitra MS, Finck BN. Complex interplay between 
the lipin 1 and the hepatocyte nuclear factor 4 α (HNF4α) pathways to regulate 
liver lipid metabolism. PLoS One. 2012; 7(12), e51320.  

335. Peterson TR, Sengupta SS, Harris TE, Carmack AE, Kang SA, Balderas 
E, Guertin DA, Madden KL, Carpenter AE, Finck BN, Sabatini DM. mTOR 
complex 1 regulates lipin 1 localization to control the SREBP pathway. Cell. 
2011; 146(3): 408-20.  

336. Liu GH, Gerace L. Sumoylation regulates nuclear localization of lipin-
1alpha in neuronal cells. PloS One. 2009; 4, e7031. 



Chapter 6: References 
 

 201 

337. Chen Z, Gropler MC, Norris J, Lawrence JC Jr, Harris TE, Finck BN. 
Alterations in hepatic metabolism in fld mice reveal a role for lipin 1 in 
regulating VLDL-triacylglyceride secretion. Arterioscler Thromb Vasc Biol. 
2008; 28(10): 1738-44.  

338. Sturton RG, Butterwith SC, Burditt SL, Brindley DN. Effects of 
starvation, corticotropin injection and ethanol feeding on the activity and amount 
of phosphatidate phosphohydrolase in rat liver. FEBS Lett. 1981; 126: 297–300. 

339. Vavrecka M, Mitchell MP, Hübscher G. The effect of starvation on the 
incorporation of palmitate into glycerides and phospholipids of rat liver 
homogenates. Biochem J. 1969; 115(2): 139-45. 

340. Whiting PH, Bowley M, Sturton RG, Pritchard PH, Brindley DN, 
Hawthorne JN. The effect of chronic diabetes, induced by streptozotocin, on the 
activities of some enzymes of glycerolipid synthesis in rat liver. Biochem J. 
1977; 168: 147–53.  

341. Kinnula VL, Savolainen MJ, Hassinen I. Hepatic triacylglycerol and 
fatty-acid biosynthesis during hypoxia in vivo. Acta Physiol Scand. 1978; 
104(2): 148-55. 

342. Day CP, James OF, Brown AS, Bennett MK, Fleming IN, Yeaman SJ. 
The activity of the metabolic form of hepatic phosphatidate phosphohydrolase 
correlates with the severity of alcoholic fatty liver in human beings. Hepatology. 
1993; 18: 832–8. 

343. Pritchard PH, Bowley M, Burditt SL, Cooling J, Glenny HP, Lawson N, 
Sturton RG, Brindley DN. The effects of acute ethanol feeding and of chronic 
benfluorex administration on the activities of some enzymes of glycerolipid 
synthesis in rat liver and adipose tissue. Biochem J. 1977; 166(3): 639–42. 

344. Moller F, Green P, Harkness EJ. Soluble rat adipocyte phosphatidate 
phosphatase activity: characterization and effects of fasting and various lipids. 
Biochim Biophys Acta. 1977; 486(2): 359-68. 

345. Manmontri B, Sariahmetoglu M, Donkor J, Bou Khalil M, Sundaram M, 
Yao Z, Reue K, Lehner R, Brindley DN. Glucocorticoids and cyclic AMP 
selectively increase hepatic lipin-1 expression, and insulin acts antagonistically. 
J Lipid Res. 2008; 49: 1056–67. 

346. Bi L, Jiang Z, Zhou J. The role of lipin-1 in the pathogenesis of alcoholic 
fatty liver. Alcohol Alcohol. 2015; 50(2): 146-51.  

347. Hu M, Wang F, Li X, Rogers CQ, Liang X, Finck BN, Mitra MS, Zhang 
R, Mitchell DA, You M. Regulation of hepatic lipin-1 by ethanol: role of AMP-
activated protein kinase/sterol regulatory element-binding protein 1 signaling in 
mice. Hepatology. 2012; 55: 437–46. 

348. Shen Z, Liang X, Rogers CQ, Rideout D, You M. Involvement of 
adiponectin-SIRT1-AMPK signaling in the protective action of rosiglitazone 
against alcoholic fatty liver in mice. Am J Physiol Gastrointest Liver Physiol. 
2010; 298(3): G364-74.  



Chapter 6: References 
 

202 

349. Tang LY, Chen Y, Rui BB, Hu CM. Resveratrol ameliorates lipid 
accumulation in HepG2 cells, associated with down-regulation of lipin1 
expression. Can J Physiol Pharmacol. 2015; 6: 1-5.  

350. Ishimoto K, Nakamura H, Tachibana K, Yamasaki D, Ota A, Hirano K, 
Tanaka T, Hamakubo T, Sakai J, Kodama T, Doi T. Sterolmediated regulation 
of human lipin 1 gene expression in hepatoblastoma cells. J Biol Chem. 2009; 
284: 22195–205. 

351. Zhang P, O’Loughlin L, Brindley DN, Reue K. Regulation of lipin-1 
gene expression by glucocorticoids during adipogenesis. J Lipid Res. 2008; 49: 
1519–28. 

352. Festuccia WT, Blanchard PG, Turcotte V, Laplante M, Sariahmetoglu M, 
Brindley DN, Deshaies Y: Depot-specific effects of the PPARgamma agonist 
rosiglitazone on adipose tissue glucose uptake and metabolism. J Lipid Res. 
2009; 50: 1185–94. 

353. Hassan M, El Yazidi C, Malezet-Desmoulins C, Amiot MJ, Margorat A. 
Gene expression profiling of 3T3-L1 adipocytes exposed to phloretin. J Nutr 
Biochem. 2010; 21(7): 645-52. 

354. Lu B, Lu Y, Moser AH, Shigenaga JK, Grunfeld C, Feingold KR. LPS 
and proinflammatory cytokines decrease lipin-1 in mouse adipose tissue and 
3T3-L1 adipocytes. Am J Physiol Endocrinol Metab. 2008; 295: E1502–9.  

355. Takahashi N, Yoshizaki T, Hiranaka N, Suzuki T, Yui T, Akanuma M, 
Kanazawa K, Yoshida M, Naito S, Fujiya M, Kohgo Y, Ieko M. Endoplasmic 
reticulum stress suppresses lipin-1 expression in 3T3-L1 adipocytes. Biochem 
Biophys Res Commun. 2013; 431: 25–30. 

356. Pereira MJ, Palming J, Rizell M, Aureliano M, Carvalho E, Svensson 
MK, Eriksson JW. The immunosuppressive agents rapamycin, cyclosporin A 
and tacrolimus increase lipolysis, inhibit lipid storage and alter expression of 
genes involved in lipid metabolism in human adipose tissue. Mol Cell 
Endocrinol. 2013; 365(2): 260-9. 

357. Pearen MA, Myers SA, Raichur S, Ryall JG, Lynch GS, Muscat GE. The 
orphan nuclear receptor, NOR-1, a target of beta-adrenergic signaling, regulates 
gene expression that controls oxidative metabolism in skeletal muscle. 
Endocrinology. 2008; 149(6): 2853-65.  

358. Lecker SH, Jagoe RT, Gilbert A, Gomes M, Baracos V, Bailey J, Price 
SR, Mitch WE, Goldberg AL. Multiple types of skeletal muscle atrophy involve 
a common program of changes in gene expression. Faseb J. 2004; 18: 39–51.  

359. Kok BP, Dyck JR, Harris TE, Brindley DN. Differential regulation of the 
expressions of the PGC-1α splice variants, lipins and PPARα in heart compared 
to liver. J Lipid Res. 2013; 54(6): 1662-77. 

360. Mitra MS, Schilling JD, Wang X, Jay PY, Huss JM, Su X, Finck BN. 
Cardiac lipin 1 expression is regulated by the peroxisome proliferator activated 
receptor γ coactivator 1α/estrogen related receptor axis. J Mol Cell Cardiol. 
2011; 51(1): 120-8. 



Chapter 6: References 
 

 203 

361. Burgdorf C, Hänsel L, Heidbreder M, Jöhren O, Schütte F, Schunkert H, 
Kurz T. Suppression of cardiac phosphatidate phosphohydrolase 1 activity and 
lipin mRNA expression in Zucker diabetic fatty rats and humans with type 2 
diabetes mellitus. Biochem Biophys Res Commun. 2009; 390(1):165-70. 

362. Croce MA, Eagon JC, LaRiviere LL, Korenblat KM, Klein S, Finck BN. 
Hepatic lipin 1beta expression is diminished in insulin-resistant obese subjects 
and is reactivated by marked weight loss. Diabetes. 2007; 56(9): 2395-9.  

363. Pihlajamäki J, Lerin C, Itkonen P, Boes T, Floss T, Schroeder J, Dearie 
F, Crunkhorn S, Burak F, Jimenez-Chillaron JC, Kuulasmaa T, Miettinen P, 
Park PJ, Nasser I, Zhao Z, Zhang Z, Xu Y, Wurst W, Ren H, Morris AJ, Stamm 
S, Goldfine AB, Laakso M, Patti ME. Expression of the splicing factor gene 
SFRS10 is reduced in human obesity and contributes to enhanced lipogenesis. 
Cell Metab. 2011; 14(2): 208-18. 

364. Karanasios E, Han GS, Xu Z, Carman GM, Siniossoglou S. A 
phosphorylation-regulated amphipathic helix controls the membrane 
translocation and function of the yeast phosphatidate phosphatase. Proc Natl 
Acad Sci USA. 2010; 107: 17539–44. 

365. Kory N, Farese RV Jr, Walther TC. Targeting Fat: Mechanisms of 
Protein Localization to Lipid Droplets. Trends Cell Biol. 2016; 26(7): 535-46.  

366. Stace CL, Ktistakis NT. Phosphatidic acid- and phosphatidylserine-
binding proteins. Biochim Biophys Acta. 2006; 1761(8): 913-26.  

367. Creutz CE, Eaton JM, Harris TE. Assembly of high molecular weight 
complexes of lipin on a supported lipid bilayer observed by atomic force 
microscopy. Biochemistry. 2013; 52(30): 5092-102.  

368. Sim MF, Dennis RJ, Aubry EM, Ramanathan N, Sembongi H, Saudek V, 
Ito D, O'Rahilly S, Siniossoglou S, Rochford JJ. The human lipodystrophy 
protein seipin is an ER membrane adaptor for the adipogenic PA phosphatase 
lipin 1. Mol Metab. 2012; 2(1): 38-46.  

369. Shin JJ, Loewen CJ. Putting the pH into phosphatidic acid signaling. 
BMC Biol. 2011; 9: 85. 

370. Civelek VN, Hamilton JA, Tornheim K, Kelly KL, Corkey BE. 
Intracellular pH in adipocytes. Effects of free fatty acid diffusion across the 
plasma membrane, lipolytic agonists, and insulin. Proc Natl Acad Sci USA. 
1996; 93: 10139–44. 

371. Sweet HO, Birkenmeier EH, Davisson MT. Fatty liver dystrophy (fid). 
Mouse News Lett, 1981; 81: 09. 

372. Mul JD, Nadra K, Jagalur NB, Nijman IJ, Toonen PW, Médard JJ, Grès 
S, de Bruin A, Han GS, Brouwers JF, Carman GM, Saulnier-Blache JS, Meijer 
D, Chrast R, Cuppen E. A hypomorphic mutation in Lpin1 induces 
progressively improving neuropathy and lipodystrophy in the rat. J Biol Chem. 
2011; 286(30): 26781–93. 

373. Fawcett KA, Grimsey N, Loos RJ, Wheeler E, Daly A, Soos M, Semple 
R, Syddall H, Cooper C, Siniossoglou S, O’Rahilly S, Wareham NJ, Barroso I. 



Chapter 6: References 
 

204 

Evaluating the role of LPIN1 variation in insulin resistance, body weight, and 
human lipodystrophy in U.K. Populations. Diabetes. 2008; 57: 2527–33.  

374. Cao H, Hegele RA. Identification of single-nucleotide polymorphisms in 
the human LPIN1 gene. J Hum Genet. 2002; 47(7): 370–2. 

375. Pushpakom SP, Owen A, Vilar FJ, Castro H, Dunn DT, Back DJ, 
Pirmohamed M. Adipogenic gene variants in patients with HIV-associated 
lipodystrophy. Pharmacogenet Genomics. 2011; 21(2): 76-83. 

376. Michot C, Hubert L, Romero NB, Gouda A, Mamoune A, Mathew S, 
Kirk E, Viollet L, Rahman S, Bekri S, Peters H, McGill J, Glamuzina E, Farrar 
M, von der Hagen M, Alexander IE, Kirmse B, Barth M, Laforet P, Benlian P, 
Munnich A, JeanPierre M, Elpeleg O, Pines O, Delahodde A, de Keyzer Y, de 
Lonlay P. Study of LPIN1, LPIN2 and LPIN3 in rhabdomyolysis and exercise-
induced myalgia. J Inherit Metab Dis. 2012; 35: 1119–28. 

377. Michot C, Hubert L, Brivet M, De Meirleir L, Valayannopoulos V, 
Müller-Felber W, Venkateswaran R, Ogier H, Desguerre I, Altuzarra C, 
Thompson E, Smitka M, Huebner A, Husson M, Horvath R, Chinnery P, Vaz 
FM, Munnich A, Elpeleg O, Delahodde A, de Keyzer Y, de Lonlay P. LPIN1 
gene mutations: a major cause of severe rhabdomyolysis in early childhood. 
Hum Mutat. 2010; 31: E1564–73. 

378. Jaradat SA, Amayreh W, Al-Qa'qa' K, Krayyem J. Molecular analysis of 
LPIN1 in Jordanian patients with rhabdomyolysis. Meta Gene. 2015; 22(7): 90-
4.  

379. Michot C, Mamoune A, Vamecq J, Viou MT, Hsieh LS, Testet E, Lainé 
J, Hubert L, Dessein AF, Fontaine M, Ottolenghi C, Fouillen L, Nadra K, Blanc 
E, Bastin J, Candon S, Pende M, Munnich A, Smahi A, Djouadi F, Carman GM, 
Romero N, de Keyzer Y, de Lonlay P. Combination of 
lipidmetabolismalterations and their sensitivity to inflammatory cytokines in 
human lipin-1-deficient myoblasts. Biochim Biophys Acta. 2013; 1832: 2103–
14. 

380. Brahe LK, Ängquist L, Larsen LH, Vimaleswaran KS, Hager J, Viguerie 
N, Loos RJ, Handjieva-Darlenska T, Jebb SA, Hlavaty P, Larsen TM, Martinez 
JA, Papadaki A, Pfeiffer AF, van Baak MA, Sørensen TI, Holst C, Langin D, 
Astrup A, Saris WH. Influence of SNPs in nutrient-sensitive candidate genes 
and gene-diet interactions on blood lipids: the DiOGenes study. Br J Nutr. 2013; 
110(5): 790-6. 

381. Stage TB, Christensen MM, Feddersen S, Beck-Nielsen H, Brøsen K. 
The role of genetic variants in CYP2C8, LPIN1, PPARGC1A and PPARγ on the 
trough steady-state plasma concentrations of rosiglitazone and on glycosylated 
haemoglobin A1c in type 2 diabetes. Pharmacogenet Genomics. 2013; 23(4): 
219-27. 

382. Zhang R, Jiang F, Hu C, Yu W, Wang J, Wang C, Ma X, Tang S, Bao Y, 
Xiang K, Jia W. Genetic variants of LPIN1 indicate an association with type 2 
diabetes mellitus in a Chinese population. Diabet Med. 2013; 30, 118–22. 



Chapter 6: References 
 

 205 

383. Chang YC, Chang LY, Chang TJ, Jiang YD, Lee KC, Kuo SS, Lee WJ, 
Chuang LM. The associations of LPIN1 gene expression in adipose tissue with 
metabolic phenotypes in the Chinese population. Obesity, 2010; 18: 7–12. 

384. Loos RJ, Rankinen T, Perusse L, Tremblay A, Despres JP, Bouchard C. 
Association of lipin 1 gene polymorphisms with measures of energy and glucose 
metabolism. Obesity. 2007; 15: 2723–32. 

385. Ong KL, Leung RY, Wong LY, Cherny SS, Sham PC, Lam TH, Lam 
KS, Cheung BM. Association of a polymorphism in the lipin 1 gene with 
systolic blood pressure in men. Am J Hypertens. 2008; 21(5): 539-45. 

386. Wiedmann S, Fischer M, Koehler M, Neureuther K, Riegger G, Doering 
A, Schunkert H, Hengstenberg C, Baessler A. Genetic variants within the LPIN1 
gene, encoding lipin, are influencing phenotypes of the metabolic syndrome in 
humans. Diabetes. 2008; 57: 209–17. 

387. Bego T, Dujic T, Mlinar B, Semiz S, Malenica M, Prnjavorac B, Ostanek 
B, Marc J, Causevic A. Association of PPARG and LPIN1 gene polymorphisms 
with metabolic syndrome and type 2 diabetes. Med Glas (Zenica). 2011; 8(1): 
76-83. 

388. Ferguson PJ, Chen S, Tayeh MK, Ochoa L, Leal SM, Pelet A, Munnich 
A, Lyonnet S, Majeed HA, El-Shanti H. Homozygous mutations in LPIN2 are 
responsible for the syndrome of chronic recurrent multifocal osteomyelitis and 
congenital dyserythropoietic anaemia (Majeed syndrome). J Med Genet. 2005; 
42: 551–7. 

389. Al-Mosawi ZS, Al-Saad KK, Ijadi-Maghsoodi R, El-Shanti HI, Ferguson 
PJ. A splice site mutation confirms the role of LPIN2 in Majeed syndrome. 
Arthritis Rheum. 2007; 56: 960–4. 

390. Milhavet F, Cuisset L, Hoffman HM, Slim R, El-Shanti H, Aksentijevich 
I, Lesage S, Waterham H, Wise C, Sarrauste de Menthiere C, Touitou I. The 
infevers autoinflammatory mutation online registry: update with new genes and 
functions. Hum Mutat. 2008; 29: 803–8. 

391. Majeed HA, Al-Tarawna M, El-Shanti H, Kamel B, Al-Khalaileh F. The 
syndrome of chronic recurrent multifocal osteomyelitis and congenital 
dyserythropoietic anemia. Report of a new family and a review. Eur J Pediatr. 
2001; 160: 705–10. 

392. Herlin T, Fiirgaard B, Bjerre M, Kerndrup G, Hasle H, Bing X, Ferguson 
PJ. Efficacy of anti-IL-1 treatment in Majeed syndrome. Annals Rheum Dis. 
2013; 72: 410–3. 

393. Aulchenko YS, Pullen J, Kloosterman WP, Yazdanpanah M, Hofman A, 
Vaessen N, Snijders PJ, Zubakov D, Mackay I, Olavesen M, Sidhu B, Smith 
VE, Carey A, Berezikov E, Uitterlinden AG, Plasterk RH, Oostra BA, van Duijn 
CM. LPIN2 is associated with type 2 diabetes, glucose metabolism, and body 
composition. Diabetes. 2007; 56(12): 3020-6.  

394. Meidtner K, Fisher E, Angquist L, Holst C, Vimaleswaran KS, Boer JM, 
Halkjær J, Masala G, Ostergaard JN, Mortensen LM, van der A DL, Tjønneland 
A, Palli D, Overvad K, Wareham NJ, Loos RJ, Sørensen TI, Boeing H. 



Chapter 6: References 
 

206 

Variation in genes related to hepatic lipid metabolism and changes in waist 
circumference and body weight. Genes Nutr. 2014; 9(2): 385. 

395. Scott RA, Lagou V, Welch RP, Wheeler E, Montasser ME, Luan J, Mägi 
R, Strawbridge RJ, Rehnberg E, Gustafsson S, Kanoni S, Rasmussen-Torvik LJ, 
Yengo L, Lecoeur C, Shungin D, Sanna S, Sidore C, Johnson PC, Jukema JW, 
Johnson T, Mahajan A, Verweij N, Thorleifsson G, Hottenga JJ, Shah S, Smith 
AV, Sennblad B, Gieger C, Salo P, Perola M, Timpson NJ, Evans DM, Pourcain 
BS, Wu Y, Andrews JS, Hui J, Bielak LF, Zhao W, Horikoshi M, Navarro P, 
Isaacs A, O'Connell JR, Stirrups K, Vitart V, Hayward C, Esko T, Mihailov E, 
Fraser RM, Fall T, Voight BF, Raychaudhuri S, Chen H, Lindgren CM, Morris 
AP, Rayner NW, Robertson N, Rybin D, Liu CT, Beckmann JS, Willems SM, 
Chines PS, Jackson AU, Kang HM, Stringham HM, Song K, Tanaka T, Peden 
JF, Goel A, Hicks AA, An P, Müller-Nurasyid M, Franco-Cereceda A, 
Folkersen L, Marullo L, Jansen H, Oldehinkel AJ, Bruinenberg M, Pankow JS, 
North KE, Forouhi NG, Loos RJ, Edkins S, Varga TV, Hallmans G, Oksa H, 
Antonella M, Nagaraja R, Trompet S, Ford I, Bakker SJ, Kong A, Kumari M, 
Gigante B, Herder C, Munroe PB, Caulfield M, Antti J, Mangino M, Small K, 
Miljkovic I, Liu Y, Atalay M, Kiess W, James AL, Rivadeneira F, Uitterlinden 
AG, Palmer CN, Doney AS, Willemsen G, Smit JH, Campbell S, Polasek O, 
Bonnycastle LL, Hercberg S, Dimitriou M, Bolton JL, Fowkes GR, Kovacs P, 
Lindström J, Zemunik T, Bandinelli S, Wild SH, Basart HV, Rathmann W, 
Grallert H; DIAbetes Genetics Replication and Meta-analysis (DIAGRAM) 
Consortium, Maerz W, Kleber ME, Boehm BO, Peters A, Pramstaller PP, 
Province MA, Borecki IB, Hastie ND, Rudan I, Campbell H, Watkins H, Farrall 
M, Stumvoll M, Ferrucci L, Waterworth DM, Bergman RN, Collins FS, 
Tuomilehto J, Watanabe RM, de Geus EJ, Penninx BW, Hofman A, Oostra BA, 
Psaty BM, Vollenweider P, Wilson JF, Wright AF, Hovingh GK, Metspalu A, 
Uusitupa M, Magnusson PK, Kyvik KO, Kaprio J, Price JF, Dedoussis GV, 
Deloukas P, Meneton P, Lind L, Boehnke M, Shuldiner AR, van Duijn CM, 
Morris AD, Toenjes A, Peyser PA, Beilby JP, Körner A, Kuusisto J, Laakso M, 
Bornstein SR, Schwarz PE, Lakka TA, Rauramaa R, Adair LS, Smith GD, 
Spector TD, Illig T, de Faire U, Hamsten A, Gudnason V, Kivimaki M, 
Hingorani A, Keinanen-Kiukaanniemi SM, Saaristo TE, Boomsma DI, 
Stefansson K, van der Harst P, Dupuis J, Pedersen NL, Sattar N, Harris TB, 
Cucca F, Ripatti S, Salomaa V, Mohlke KL, Balkau B, Froguel P, Pouta A, 
Jarvelin MR, Wareham NJ, Bouatia-Naji N, McCarthy MI, Franks PW, Meigs 
JB, Teslovich TM, Florez JC, Langenberg C, Ingelsson E, Prokopenko I, 
Barroso I. Large-scale association analyses identify new loci influencing 
glycemic traits and provide insight into the underlying biological pathways. Nat 
Genet. 2012; 44(9): 991-1005. 

396. Miranda M, Escoté X, Alcaide MJ, Solano E, Ceperuelo-Mallafré V, 
Hernández P, Wabitsch M, Vendrell J. Lpin1 in human visceral and 
subcutaneous adipose tissue: similar levels but different associations with 



Chapter 6: References 
 

 207 

lipogenic and lipolytic genes. Am J Physiol Endocrinol Metab. 2010; 299(2): 
E308-17. 

397. Temprano A, Sembongi H, Han GS, Sebastián D, Capellades J, Moreno 
C, Guardiola J, Wabitsch M, Richart C, Yanes O, Zorzano A, Carman GM, 
Siniossoglou S, Miranda M. Redundant roles of the phosphatidate phsophatase 
family in triacylglycerol synthesis in human adipocytes. Diabetologia. 2016; 
59(9): 1985-94.  

398. Miranda M, Chacón MR, Gómez J, Megía A, Ceperuelo-Mallafré V, 
Veloso S, Saumoy M, Gallart L, Richart C, Fernández-Real JM, Vendrell J. 
Human subcutaneous adipose tissue LPIN1 expression in obesity, type 2 
diabetes mellitus, and human immunodeficiency virus--associated lipodystrophy 
syndrome. Metabolism. 2007; 56(11): 1518-26.  

399. van Harmelen V, Ryden M, Sjolin E, Hoffstedt J. A role of lipin in 
human obesity and insulin resistance: relation with adipocyte glucose transport 
and GLUT4 expression. J Lipid Res. 2007; 48: 201-6. 

400. Miranda M, Escoté X, Ceperuelo-Mallafré V, Megía A, Caubet E, Näf S, 
Gómez JM, González-Clemente JM, Vicente V, Vendrell J. Relation between 
human LPIN1, hypoxia and endoplasmic reticulum stress genes in subcutaneous 
and visceral adipose tissue. Int J Obes (Lond). 2010; 34(4): 679-86. 

401. Donkor J, Sparks LM, Xie H, Smith SR, Reue K. Adipose tissue lipin-1 
expression is correlated with peroxisome proliferator-activated receptor alpha 
gene expression and insulin sensitivity in healthy young men. J Clin Endocrinol 
Metab. 2008; 93: 233–9. 

402. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, 
Turner RC. Homeostasis model assessment: insulin resistance and ß-cell 
function from fasting plasma glucose and insulin concentrations in man. 
Diabetologia. 1985; 28: 412–9. 

403. Andrews NC, Faller DV. 1991. A rapid micropreparation technique for 
extraction of DNA-binding proteins from limiting numbers of mammalian cells. 
Nucleic Acids Res.1991; 19(9): 2499. 

404. Bradford MM. A rapid and sensitive method for the quantitation of 
microgram quantities of protein utilizing the principle of protein-dye binding. 
Anal Biochem. 1976; 72: 248-54. 

405. Carman GM, Lin YP. Phosphatidate phosphatase from yeast. Methods 
Enzymol. 1991; 197: 548-53. 

406. Han GS, Carman GM. Assaying lipid phosphate phosphatase activities. 
Methods Mol Biol. 2004; 284:209-16. 

407. Zou C, Shen Z. One-step intracellular triglycerides extraction and 
quantitative measurement in vitro. J. Pharmacol. Toxicol. Methods. 2007; 56(1): 
63-6. 

408. Sebastián D, Guitart M, García-Martínez C, Mauvezin C, Orellana-
Gavaldà JM, Serra D, Gómez-Foix AM, Hegardt FG, Asins G. Novel role of 
FATP1 in mitochondrial fatty acid oxidation in skeletal muscle cells. J Lipid 
Res. 2009; 50(9): 1789- 99. 



Chapter 6: References 
 

208 

409. Smith CA, Want EJ, O'Maille G, Abagyan R, Siuzdak G. XCMS: 
processing mass spectrometry data for metabolite profiling using nonlinear peak 
alignment, matching, and identification. Anal Chem. 2006; 78(3): 779-87. 

410. Vinaixa M, Samino S, Saez I, Duran J, Guinovart JJ, Yanes O. A 
Guideline to Univariate Statistical Analysis for LC/MS-Based Untargeted 
Metabolomics-Derived Data. Metabolites. 2012; 2(4): 775-95. 

411. Wishart DS, Tzur D, Knox C, Eisner R, Guo AC, Young N, Cheng D, 
Jewell K, Arndt D, Sawhney S, Fung C, Nikolai L, Lewis M, Coutouly MA, 
Forsythe I, Tang P, Shrivastava S, Jeroncic K, Stothard P, Amegbey G, Block D, 
Hau DD, Wagner J, Miniaci J, Clements M, Gebremedhin M, Guo N, Zhang Y, 
Duggan GE, Macinnis GD, Weljie AM, Dowlatabadi R, Bamforth F, Clive D, 
Greiner R, Li L, Marrie T, Sykes BD, Vogel HJ, Querengesser L. HMDB: the 
Human Metabolome Database. Nucleic Acids Res. 2007; 35: D521-6 

412. Fahy E, Sud M, Cotter D, Subramaniam S. LIPID MAPS online tools for 
lipid research. Nucleic Acids Res. 2007; 35: W606-12.  

413. Kind T, Liu KH, Lee do Y, DeFelice B, Meissen JK, Fiehn O. LipidBlast 
insilico tandem mass spectrometry database for lipid identification. Nat 
Methods. 2013; 10(8): 755-8.  

414. Allen F, Pon A, Wilson M, Greiner R, Wishart D. CFM-ID: a web server 
for annotation, spectrum prediction and metabolite identification from tandem 
mass spectra. Nucleic Acids Res. 2014; 42: W94-9. 

415. Farese RV, Larson RE, Sabir MA. Insulin acutely increases 
phospholipids in the phosphatidate-inositide cycle in rat adipose tissue. J Biol 
Chem. 1982; 257(8): 4042-5.  

416. Huffman TA, Mothe-Satney I, Lawrence JC Jr. Insulin-stimulated 
phosphorylation of lipin mediated by the mammalian target of rapamycin. Proc 
Natl Acad Sci USA. 2002; 99:1047–52. 

417. Reue K, Zhang P. The lipin protein family: dual roles in lipid 
biosynthesis and gene expression. FEBS Lett. 2008; 582(1):90-6 

418. Pachón-Peña G, Yu G, Tucker A, Wu X, Vendrell J, Bunnell BA, 
Gimble JM. Stromal stem cells from adipose tissue and bone marrow of age-
matched female donors display distinct immunophenotypic profiles. J Cell 
Physiol. 2011; 226(3):843-51. 

419. Mlinar B, Pfeifer M, Vrtacnik-Bokal E, Jensterle M, Marc J.Decreased 
lipin 1 beta expression in visceral adipose tissue is associated with insulin 
resistance in polycystic ovary syndrome. Eur J Endocrinol. 2008; 159(6): 833-9.  

420. Harris CA, Haas JT, Streeper RS, Stone SJ, Kumari M, Yang K, Han X, 
Brownell N, Gross RW, Zechner R, Farese RV Jr. DGAT enzymes are required 
for triacylglycerol synthesis and lipid droplets in adipocytes. J Lipid Res. 2011; 
52(4): 657-67. 

421. Schultz FM, Johnston JM. The synthesis of higher glycerides via the 
monoglyceride pathway in hamster adipose tissue. J Lipid Res.1971(2); 12: 
132–8. 



Chapter 6: References 
 

 209 

422. Choudhary V, Jacquier N, Schneiter R. The topology of the 
triacylglycerol synthesizing enzyme Lro1 indicates that neutral lipids can be 
produced within the luminal compartment of the endoplasmatic reticulum: 
implications for the biogenesis of lipid droplets. Commun Integr Biol. 2011; 
4(6):781–4. 

423. Lowe CE, Zhang Q, Dennis RJ, Aubry EM, O'Rahilly S, Wakelam MJ, et 
al. Knockdown of diacylglycerol kinase delta inhibits adipocyte differentiation 
and alters lipid synthesis. Obesity (Silver Spring), 2013; 21: 1823–9. 

424. Yasuda S, Kai M, Imai S, Takeishi K, Taketomi A, Toyota M, Kanoh H, 
Sakane F. Diacylglycerol kinase eta augments C-Raf activity and B-Raf/C-Raf 
heterodimerization. J Biol Chem. 2009; 284(43): 29559-70.  

425. Shaw B, Lambert S, Wong MH, Ralston JC, Stryjecki C, Mutch DM. 
Individual saturated and monounsaturated fatty acids trigger distinct 
transcriptional networks in differentiated 3T3-L1 preadipocytes. J Nutrigenet 
Nutrigenomics. 2013; 6(1): 1-15.  

426. Morine MJ, Tierney AC, van Ommen B, Daniel H, Toomey S, Gjelstad 
IM, Gormley IC, Pérez-Martinez P, Drevon CA, López-Miranda J, Roche HM. 
Transcriptomic coordination in the human metabolic network reveals links 
between n-3 fat intake, adipose tissue gene expression and metabolic health. 
PloS Comput Biol. 2011; 7(11), e1002223.  

427. D'Souza K, Kim YJ, Balla T, Epand RM. Distinct properties of the two 
isoforms of CDP-diacylglycerol synthase. Biochemistry. 2014; 53(47): 7358-67.  

428. Kim SJ, Lee KH, Lee YS, Mun EG, Kwon DY, Cha YS. Transcriptome 
analysis and promoter sequence studies on early adipogenesis in 3T3-L1 cells. 
Nutr Res Pract. 2007; 1(1): 19–28.  

429. Cole LK, Vance DE. A role for Sp1 in transcriptional regulation of 
phosphatidylethanolamine N-methyltransferase in liver and 3T3-L1 adipocytes. 
J Biol Chem. 2010; 285(16): 11880-91. 

430. Frayn KN. Adipose tissue and the insulin resistance syndrome. Proc Nutr 
Soc. 2001; 60(3): 375-80. 

431. Boden G. Role of fatty acids in the pathogenesis of insulin resistance and 
NIDDM. Diabetes. 1997; 46(1): 3-10. 

432. Santomauro AT, Boden G, Silva ME, Rocha DM, Santos RF, Ursich MJ, 
Strassmann PG, Wajchenberg BL. Overnight lowering of free fatty acids with 
Acipimox improves insulin resistance and glucose tolerance in obese diabetic 
and nondiabetic subjects. Diabetes. 1999; 48(9): 1836-41. 

433. Bougnères P, Stunff CL, Pecqueur C, Pinglier E, Adnot P, Ricquier D. In 
vivo resistance of lipolysis to epinephrine. A new feature of childhood onset 
obesity. J Clin Invest. 1997; 99(11): 2568-73. 

434.  Jensen MD, Haymond MW, Rizza RA, Cryer PE, Miles JM. Influence 
of body fat distribution on free fatty acid metabolism in obesity. J Clin Invest. 
1989; 83(4): 1168–73.  

435. Langin D, Dicker A, Tavernier G, Hoffstedt J, Mairal A, Rydén M, Arner 
E, Sicard A, Jenkins CM, Viguerie N, van Harmelen V, Gross RW, Holm C, 



Chapter 6: References 
 

210 

Arner P. Adipocyte lipases and defect of lipolysis in human obesity. Diabetes. 
2005; 54(11): 3190-7. 

436. Large V, Arner P, Reynisdottir S, Grober J, Van Harmelen V, Holm C, 
Langin D. Hormone-sensitive lipase expression and activity in relation to 
lipolysis in human fat cells. J Lipid Res. 1998; 39(8): 1688-95. 

437. Moller F, Wong KH, Green P. Control of fat cell phosphohydrolase by 
lipolytic agents. Can J Biochem. 1981; 59(1): 9-15. 

438. Norambuena A, Metz C, Jung JE, Silva A, Otero C, Cancino J, Retamal 
C, Valenzuela JC, Soza A, González A. Phosphatidic acid induces ligand-
independent epidermal growth factor receptor endocytic traffic through PDE4 
activation. Mol Biol Cell. 2010; 21(16): 2916–29. 

439. Grange M, Sette C, Cuomo M, Conti M, Lagarde M, Prigent AF, Némoz 
G.The cAMP-specific phosphodiesterase PDE4D3 is regulated by phosphatidic 
acid binding. Consequences for cAMP signaling pathway and characterization 
of a phosphatidic acid binding site. J Biol Chem. 2000; 275(43): 33379-87. 

440. Kalderon B, Mayorek N, Berry E, Zevit N, Bar-Tana J. Fatty acid cycling 
in the fasting rat. Am J Physiol Endocrinol Metab. 2000; 279(1): E221-7. 

441. Edens NK, Leibel RL, Hirsch J. Mechanism of free fatty acid re-
esterification in human adipocytes in vitro. J Lipid Res. 1990; 31(8): 1423-31. 

442. Ugrankar R, Liu Y, Provaznik J, Schmitt S, Lehmann M. Lipin is a 
central regulator of adipose tissue development and function in Drosophila 
melanogaster. Mol Cell Biol. 2011; 31(8): 1646-56. 

443. Van Liefde I, Van Witzenburg A, Vauquelin G. Multiple beta adrenergic 
receptor subclasses mediate the l-isoproterenol-induced lipolytic response in rat 
adipocytes. J Pharmacol Exp Ther. 1992; 262(2): 552-8. 

444. Litosch I, Hudson TH, Mills I, Li SY, Fain JN. Forskolin as an activator 
of cyclic AMP accumulation and lipolysis in rat adipocytes. Mol Pharmacol. 
1982; 22(1): 109-15. 

445. Scott PH, Lawrence JC Jr. Attenuation of mammalian target of 
rapamycin activity by increased cAMP in 3T3-L1 adipocytes.J Biol Chem. 
1998; 273(51): 34496-501. 

446. Ariotti N, Murphy S, Hamilton NA, Wu L, Green K, Schieber NL, Li P, 
Martin S, Parton RG. Postlipolytic insulin-dependent remodeling of micro lipid 
droplets in adipocytes. Mol Biol Cell. 2012; 23(10): 1826-37.  

447. Greenberg AS, Egan JJ, Wek SA, Garty NB, Blanchette-Mackie EJ, 
Londos C. Perilipin, a major hormonally regulated adipocyte-specific 
phosphoprotein associated with the periphery of lipid storage droplets. J Biol 
Chem. 1991; 266: 11341–6. 

448. Orlicky DJ, Monks J, Stefanski AL, McManaman JL. Dynamics and 
molecular determinants of cytoplasmic lipid droplet clustering and dispersion. 
PLoS One. 2013; 8(6), e66837.  

449. Marcinkiewicz A, Gauthier D, Garcia A, Brasaemle DL. The 
phosphorylation of serine 492 of perilipin a directs lipid droplet fragmentation 
and dispersion. J Biol Chem. 2006; 281(17): 11901-9.  



Chapter 6: References 
 

 211 

450. Rodbell M. Modulation of lipolysis in adipose tissue by fatty acid 
concentration in fat cell. Ann N Y Acad Sci. 1965; 131(1): 302-14. 

451. Bolsoni-Lopes A, Festuccia WT, Farias TS, Chimin P, Torres-Leal FL, 
Derogis PB, de Andrade PB, Miyamoto S, Lima FB, Curi R, Alonso-Vale MI. 
Palmitoleic acid (n-7) increases white adipocyte lipolysis and lipase content in a 
PPARα-dependent manner. Am J Physiol Endocrinol Metab. 2013; 305(9): 
E1093-102.  

452. Sopasakis VR, Sandqvist M, Gustafson B, Hammarstedt A, Schmelz M, 
Yang X et al. High local concentrations and effects on differentiation implicate 
interleukin-6 as a paracrine regulator. Obes Res. 2004; 12: 454–60.  

453. Trujillo ME, Sullivan S, Harten I, Schneider SH, Greenberg AS, Fried 
SK. Interleukin-6 regulates human adipose tissue lipid metabolism and leptin 
production in vitro. J Clin Endocrinol Metab. 2004; 89(11): 5577-82. 

454. Rodríguez-Pacheco F, Gutierrez-Repiso C, Garcia-Serrano S, Alaminos-
Castillo MA, Ho-Plagaro A, Valdes S, Garcia-Arnes J, Gonzalo M, Andrade RJ, 
Moreno-Ruiz FJ, Rodriguez-Cañete A, Martinez-Ferriz A, Garcia-Fuentes E. 
The pro-/anti-inflammatory effects of different fatty acids on visceral adipocytes 
are partially mediated by GPR120. Eur J Nutr. 2016. [Epub ahead of print] 

455. Ryall RL, Goldrick RB. Glycerokinase in human adipose tissue. Lipids. 
1977; 12(3): 272-7. 

456. Guan HP, Li Y, Jensen MV, Newgard CB, Steppan CM, Lazar MA. A 
futile metabolic cycle activated in adipocytes by antidiabetic agents. Nat Med. 
2002; 8(10): 1122-8.  

457. Nechushtan H, Benvenisty N, Brandeis R, Reshef L. Glucocorticoids 
control phosphoenolpyruvate carboxykinase gene expression in a tissue specific 
manner. Nucleic Acids Res. 1987; 15: 6405–17. 

458. Beale EG, Tishler EJ. Expression and regulation of cytosolic 
phosphoenolpyruvate carboxykinase in 3T3-L1 adipocytes. Biochem Biophys 
Res Commun.1992; 189: 925–30. 

459. Prasad SS, Garg A, Agarwal AK. Enzymatic activities of the human 
AGPAT isoform 3 and isoform 5: localization of AGPAT5 to mitochondria. J 
Lipid Res. 2011; 52(3): 451-62.  

460. Cases S, Smith SJ, Zheng YW, Myers HM, Lear SR, Sande E, Novak S, 
Collins C, Welch CB, Lusis AJ, Erickson SK, Farese RV Jr. Identification of a 
gene encoding an acyl CoA:diacylglycerol acyltransferase, a key enzyme in 
triacylglycerol synthesis. Proc Natl Acad Sci USA. 1998; 95(22): 13018–23.  

461. Cases S, Stone SJ, Zhou P, Yen E, Tow B, Lardizabal KD, Voelker T, 
Farese RV Jr. Cloning of DGAT2, a second mammalian diacylglycerol 
acyltransferase, and related family members. J Biol Chem. 2001; 276(42): 
38870-6.  

462. Yu YH, Zhang Y, Oelkers P, Sturley SL, Rader DJ, Ginsberg HN. 
Posttranscriptional control of the expression and function of diacylglycerol 
acyltransferase-1 in mouse adipocytes. J Biol Chem. 2002; 277(52): 50876-84. 



Chapter 6: References 
 

212 

463. Rakhshandehroo M, Hooiveld G, Müller M, Kersten S. Comparative 
analysis of gene regulation by the transcription factor PPARalpha between 
mouse and human. PLoS One. 2009; 4(8), e6796.  

464. Yehuda-Shnaidman E, Buehrer B, Pi J, Kumar N, Collins S. Acute 
stimulation of white adipocyte respiration by PKA-induced lipolysis. Diabetes. 
2010; 59(10): 2474-83.  

465. Hur J, Liu Z, Tong W, Laaksonen R, Bai JP. Drug-induced 
rhabdomyolysis: from systems pharmacology analysis to biochemical flux. 
Chem Res Toxicol. 2014; 27(3): 421-32.  

466. Scarpulla RC. Metabolic control of mitochondrial biogenesis through the 
PGC-1 family regulatory network. Biochim Biophys Acta. 2011; 1813(7): 1269-
78.  

467. Puigserver P, Spiegelman BM. Peroxisome proliferator-activated 
receptor-gamma coactivator 1 alpha (PGC-1 alpha): transcriptional coactivator 
and metabolic regulator. Endocr Rev. 2003; 24(1): 78-90. 

468. Guo W, Wong S, Xie W, Lei T, Luo Z. Palmitate modulates intracellular 
signaling, induces endoplasmic reticulum stress, and causes apoptosis in mouse 
3T3-L1 and rat primary pre-adipocytes. Am J Physiol Endocrinol Metab. 2007; 
293(2): E576-86.  

469. Quinn PG, Yeagley D. Insulin regulation of PEPCK gene expression: a 
model for rapid and reversible modulation. Curr Drug Targets Immune Endocr 
Metabol Disord. 2005; 5(4): 423-37. 

470. Hue L, Taegtmeyer H. The Randle cycle revisited: a new head for an old 
hat. Am J Physiol Endocrinol Metab. 2009; 297(3): E578-91. 

471. Stahl A, Evans JG, Pattel S, Hirsch D, Lodish HF. Insulin causes fatty 
acid transport protein translocation and enhanced fatty acid uptake in adipocytes. 
Dev Cell. 2002; 2(4): 477-88. 

472. Püttmann M, Krug H, von Ochsenstein E, Kattermann R. Fast HPLC 
determination of serum free fatty acids in the picomole range. Clin Chem. 1993; 
39(5): 825-32. 

473. Henderson RJ, Christie WW, Moore JH. Esterification of exogenous and 
endogenous fatty acids by rat adipocytes in vitro. Biochim Biophys Acta. 1979; 
573(1):12-22. 

474. Dole VP. The fatty acid pool in adipose tissue. J Biol Chem.1961; 236: 
3121-4. 

475. Yang X, Heckman BL, Zhang X, Smas CM, Liu J. Distinct mechanisms 
regulate ATGL-mediated adipocyte lipolysis by lipid droplet coat proteins. Mol 
Endocrinol. 2013; 27(1): 116-26.  

476. Ertunc ME, Sikkeland J, Fenaroli F, Griffiths G, Daniels MP, Cao H, 
Saatcioglu F, Hotamisligil GS. Secretion of fatty acid binding protein aP2 from 
adipocytes through a nonclassical pathway in response to adipocyte lipase 
activity. J Lipid Res. 2015; 56(2): 423-34. 

477. Nishino N, Tamori Y, Tateya S, Kawaguchi T, Shibakusa T, Mizunoya 
W, Inoue K, Kitazawa R, Kitazawa S, Matsuki Y, Hiramatsu R, Masubuchi S, 



Chapter 6: References 
 

 213 

Omachi A, Kimura K, Saito M, Amo T, Ohta S, Yamaguchi T, Osumi T, Cheng 
J, Fujimoto T, Nakao H, Nakao K, Aiba A, Okamura H, Fushiki T, Kasuga M. 
FSP27 contributes to efficient energy storage in murine white adipocytes by 
promoting the formation of unilocular lipid droplets. J Clin Invest. 2008; 118(8): 
2808-21.  

478. Tansey JT, Sztalryd C, Gruia-Gray J, Roush DL, Zee JV, Gavrilova O, 
Reitman ML, Deng CX, Li C, Kimmel AR, Londos C. Perilipin ablation results 
in a lean mouse with aberrant adipocyte lipolysis, enhanced leptin production, 
and resistance to diet-induced obesity. Proc Natl Acad Sci USA. 2001; 98(11): 
6494-9. 

479. Martinez-Botas J, Anderson JB, Tessier D, Lapillonne A, Chang BH, 
Quast MJ, Gorenstein D, Chen KH, Chan L. Absence of perilipin results in 
leanness and reverses obesity in Lepr(db/db) mice. Nat Genet. 2000; 26(4): 474-
9. 

480. Beller M, Bulankina AV, Hsiao HH, Urlaub H, Jäckle H, Kühnlein RP. 
PERILIPIN dependent control of lipid droplet structure and fat storage in 
Drosophila. Cell Metab. 2010; 12(5): 521-32. 

481. Bell M, Wang H, Chen H, McLenithan JC, Gong DW, Yang RZ, Yu D, 
Fried SK, Quon MJ, Londos C, Sztalryd C. Consequences of lipid droplet coat 
protein downregulation in liver cells: abnormal lipid droplet metabolism and 
induction of insulin resistance. Diabetes. 2008; 57(8): 2037-45.  

482. Murphy S, Martin S, Parton RG.Quantitative analysis of lipid droplet 
fusion: inefficient steady state fusion but rapid stimulation by chemical 
fusogens. PLoS One. 2010; 5(12), e15030. 

483. Hoffmann C, Leitz MR, Oberdorf-Maass S, Lohse MJ, Klotz KN. 
Comparative pharmacology of human beta-adrenergic receptor subtypes--
characterization of stably transfected receptors in CHO cells. Naunyn 
Schmiedebergs Arch Pharmacol. 2004; 369(2): 151-9. 

484. Meier KE, Ruoho AE. Uptake of L-[propyl-2,3-3H]dihydroalprenolol by 
intact HeLa cells. Biochim Biophys Acta. 1984; 804(3): 331-40.  

485. Abdel-Latif AA, Smith JP. Studies on the effects of magnesium ion and 
propranolol on iris muscle phosphatidate phosphohydrolase. Can J Biochem Cell 
Biol. 1984; 62(4): 170-7. 

486. Meier KE, Gause KC, Wisehart-Johnson AE, Gore AC, Finley EL, Jones 
LG, Bradshaw CD, McNair AF, Ella KM. Effects of propranolol on 
phosphatidate phosphohydrolase and mitogen-activated protein kinase activities 
in A7r5 vascular smooth muscle cells. Cell Signal. 1998; 10(6): 415-26. 

487. Saraswathi V, Hasty AH. Inhibition of Long Chain Acyl Coenzyme A 
Synthetases during Fatty Acid Loading Induces Lipotoxicity in Macrophages. 
Arterioscler Thromb Vasc Biol. 2009. November; 29 (11): 1937-43. 

488. Reshef L, Hanson RW, Ballard FJ. Glyceride-glycerol synthesis from 
pyruvate. Adaptive changes in phosphoenolpyruvate carboxykinase and 
pyruvate carboxylase in adipose tissue and liver. J Biol Chem. 1969; 244(8): 
1994-2001. 



Chapter 6: References 
 

214 

489. Franckhauser S, Antras-Ferry J, Robin P, Robin D, Granner DK, Forest 
C. Expression of the phosphoenolpyruvate carboxykinase gene in 3T3-F442A 
adipose cells: opposite effects of dexamethasone and isoprenaline on 
transcription. Biochem J. 1995; 305 (Pt 1): 65-71. 

490. Antras-Ferry J, Robin P, Robin D, Forest C. Fatty acids and fibrates are 
potent inducers of transcription of the phosphenolpyruvate carboxykinase gene 
in adipocytes. Eur J Biochem. 1995; 234(2): 390-6. 

491. Antras-Ferry J, Le Bigot G, Robin P, Robin D, Forest C. Stimulation of 
phosphoenolpyruvate carboxykinase gene expression by fatty acids. Biochem 
Biophys Res Commun. 1994; 203(1): 385-91. 

492. Foufelle F, Gouhot B, Perdereau D, Girard J, Ferre P. Regulation of 
lipogenic enzyme and phosphoenolpyruvate carboxykinase gene expression in 
cultured white adipose tissue. Glucose and insulin effects are antagonized by 
cAMP. Eur J Biochem. 1994; 223(3): 893-900. 

493. Huang H, Frohman MA. Lipid signaling on the mitochondrial surface. 
Biochim Biophys Acta. 2009; 1791(9): 839-44.  

494. Gao S, Ito H, Murakami M, Yoshida K, Tagawa Y, Hagiwara K, Takagi 
A, Kojima T, Suzuki M, Banno Y, Ohguchi K, Nozawa Y, Murate T. 
Mechanism of increased PLD1 gene expression during early adipocyte 
differentiation process of mouse cell line 3T3-L1. J Cell Biochem. 2010; 109 
(2): 375-82.  

495. Little E, Ramakrishnan M, Roy B, Gazit G, Lee AS. The glucose-
regulated proteins (GRP78 and GRP94): functions, gene regulation, and 
applications. Crit Rev Eukaryot Gene Expr. 1994; 4(1): 1-18. 

496. Rehnmark S, Giometti CS, Slavin BG, Doolittle MH, Reue K. The fatty 
liver dystrophy mutant mouse: microvesicular steatosis associated with altered 
expression levels of peroxisome proliferator-regulated proteins. J. Lipid Res. 
1998: 39: 2209–17. 



Chapter 7: Annex 
 

 215 

	

7. ANNEX 
 

 



ARTICLE

Redundant roles of the phosphatidate phosphatase family
in triacylglycerol synthesis in human adipocytes

Ana Temprano1,2 & Hiroshi Sembongi3,4 & Gil-Soo Han5 & David Sebastián6,7,8 &

Jordi Capellades8,9 & Cristóbal Moreno1,8 & Juan Guardiola10 & Martin Wabitsch11 &

Cristóbal Richart1,12 & Oscar Yanes8,9,13 & Antonio Zorzano6,7,8 & George M. Carman5 &

Symeon Siniossoglou3 & Merce Miranda1,8

Received: 22 April 2016 /Accepted: 23 May 2016
# The Author(s) 2016. This article is published with open access at Springerlink.com

Abstract
Aims/hypothesis In mammals, the evolutionary conserved
family of Mg2+-dependent phosphatidate phosphatases
(PAP1), involved in phospholipid and triacylglycerol
synthesis, consists of lipin-1, lipin-2 and lipin-3. While
mutations in the murine Lpin1 gene cause lipodystrophy
and its knockdown in mouse 3T3-L1 cells impairs
adipogenesis, deleterious mutations of human LPIN1 do
not affect adipose tissue distribution. However, reduced
LPIN1 and PAP1 activi ty has been descr ibed in
participants with type 2 diabetes. We aimed to characterise

the roles of all lipin family members in human adipose
tissue and adipogenesis.
Methods The expression of the lipin family was analysed in
adipose tissue in a cross-sectional study. Moreover, the effects
of lipin small interfering RNA (siRNA)-mediated depletion
on in vitro human adipogenesis were assessed.
Results Adipose tissue gene expression of the lipin family is
altered in type 2 diabetes. Depletion of every lipin family
member in a human Simpson–Golabi–Behmel syndrome
(SGBS) pre-adipocyte cell line, alters expression levels of
adipogenic transcription factors and lipid biosynthesis genes
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in early stages of differentiation. Lipin-1 knockdown alone
causes a 95% depletion of PAP1 activity. Despite the reduced
PAP1 activity and alterations in early adipogenesis, lipin-
silenced cells differentiate and accumulate neutral lipids.
Even combinatorial knockdown of lipins shows mild effects
on triacylglycerol accumulation in mature adipocytes.
Conclusions/interpretation Overall, our data support the
hypothesis of alternative pathways for triacylglycerol
synthesis in human adipocytes under conditions of repressed
lipin expression. We propose that induction of alternative lipid
phosphate phosphatases, along with the inhibition of lipid
hydrolysis, contributes to the maintenance of triacylglycerol
content to near normal levels.

Keywords Basic science . Cell lines . Human . Lipid
metabolism

Abbreviations
DAG Diacylglycerol
DNL De novo lipogenesis
ER Endoplasmic reticulum
FAO Fatty acid oxidation
LPP Lipid phosphate phosphatases
ORO Oil Red O staining
PAP Phosphatidate phosphatase
PPAR Peroxisome proliferator activated receptor
SGBS Simpson–Golabi–Behmel syndrome
siRNA Small interfering RNA
SAT Subcutaneous adipose tissue
TAG Triacylglycerol
VAT Visceral adipose tissue

Introduction

Triacylglycerols (TAGs) are neutral lipids that act as the major
energy storage molecules, repository for fatty acids, and
phospholipid precursors [1]. Adipocytes are the specialised
cells for neutral lipid storage and one of their important
physiological functions is to buffer the toxicity caused by
NEFAs. Excessive calorie intake or genetic disorders can lead
to lipid deposition in ectopic tissues, impair their function and
lead to dyslipidaemia, insulin resistance and type 2 diabetes
[2, 3].

Lipins are Mg2+-dependent phosphatidate phosphatases
(PAP1) with a central role in lipid metabolism, and catalyse
the dephosphorylation of phosphatidate to diacylglycerol
(DAG), which can be (1) acylated to form TAG, or (2) used
in phospholipids synthesis [4, 5]. A second type of PAP
activity is mediated by Mg2+-independent transmembrane
lipid phosphate phosphatases (LPPs, also known as PAP2),

which are thought to regulate signalling properties of
phosphatidate and DAG [6].

Fungi, nematodes and insects express one lipin, whereas
mammals express three paralogues called lipin-1, -2 and -3
that exhibit distinct but overlapping expression in many
mouse and human tissues [5]. Consistent with their key
metabolic role, loss of lipin function disrupts TAG production,
membrane organisation and phospholipid synthesis in several
model organisms [7]. Interestingly, besides their enzymatic
functions, lipins also regulate transcription [8–13]. For
instance, lipin-1 transcriptional co-regulation of the
peroxisome proliferator activated receptor (PPAR)A/PPAR
coactivator 1α axis modulates fatty acid oxidation (FAO) in
liver [9].

Lpin1 gene was originally identified as the deficient gene
causing lipodystrophy, insulin resistance, peripheral
neuropathy and neonatal fatty liver in the fld (also known as
Lpin1) mouse model [14]. Loss of lipin-1 in mice blocks
adipogenesis at an early stage preceding TAG accumulation,
suggesting a distinct role of lipin-1 in differentiation [15, 16].
Consistently, small interfering RNA (siRNA)-mediated
silencing of lipin-1 in mouse 3T3-L1 cells potently inhibits
adipogenesis [10, 17]. In contrast, deleterious mutations
in the LPIN1 gene in humans, which lead to recurrent
rhabdomyolysis in childhood, do not compromise adipose
tissue [18]. The basis of this difference between mice and
humans is unknown; it has been hypothesised that it is due
to compensation by the other two lipins [18]. Nevertheless,
genetic variation in LPIN1 and LPIN2, and reduced LPIN1
expression levels and PAP1 activity in human adipose tissue
have been associated with type 2 diabetes [19–25], which
suggests a loss of their protective role against lipotoxicity.

While most of the studies have been performed on mice,
very little is known on the roles of lipin-1 in human adipocyte
physiology, while there is virtually no information on lipin-2
and -3. This prompted us to investigate the functions of the
three lipins in type 2 diabetes and in human adipocytes by
studying the effects of loss-of-function.

Methods

Reagents Unless otherwise stated, all reagents were supplied
by Sigma-Aldrich Corporation (St. Louis, MO, USA). Human
insulin was purchased from NovoNordisk (Bagsværd,
Denmark); rosiglitazone from Cayman Chemical (Ann
Arbor, MI, USA); and cell culture media from Gibco
(Thermo Fisher Scientific, Waltham, MA, USA).

Human adipose tissue biopsy collection The cross-sectional
study has been previously described [26, 27]. We used a
cohort of 71 participants for the gene expression analysis,
and of 28 males for protein analysis. They were grouped as:
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(1) normoweight (BMI between 18.50 and 24.99), (2) obesity
(BMI ≥25) and (3) obesity with type 2 diabetes (hereafter
type 2 diabetes). Group characteristics are described in elec-
tronic supplementary material (ESM) Table 1A and 1B, re-
spectively. Samples were obtained at the Joan XXIII
University Hospital (Tarragona, Spain). VATand SATsamples
(gene expression) and SAT samples (protein expression) were
obtained during abdominal elective surgical procedures
for benign pathologies (cholecystectomy or surgery for
abdominal hernia). The Ethics Committee approved the study
and informed consent was obtained from all participants.
Participants had no systemic disease other than obesity [28]
or type 2 diabetes [29]. See ESM Methods for further details.

Cell culture and differentiation Simpson–Golabi–Behmel
syndrome (SGBS) cells, a well-established system for studies
of human adipocyte biology [30, 31], were differentiated as
described [30], except that 1 nmol/l of insulin, 0.1 μmol/l
cortisol, 2 μmol/l rosiglitazone and 25 nmol/l dexamethasone
were used. See ESM Methods for detailed information.

Adipose-derived stem cells were isolated from adipose
tissue (n = 3 female donors; age (years) 37.4 ± 6.4, BMI
(kg/m2) 25.9 ± 3.0) from patients undergoing elective
liposuction surgery. See ESM Methods for the isolation,
proliferation and adipogenic procedure details.

Quantification of expression levels Protein content in cell
lysates (lysis buffer: 50 mmol/l HEPES pH 7.4, 150 mmol/l
NaCl, 4 mmol/l MgCl2, 1% Triton X-100 and protease
inhibitors) was quantified by using the bicinchoninic acid
assay (Pierce, Rockford, IL, USA). See ESM for western blot
procedures. Antibodies against lipin family members were
previously described [17, 32]. Quantitative PCR was
performed as previously described [27], and expressed
relative to cyclophilin A and to control. See ESM for detailed
information and ESM Table 2A and 2B for commercial
reagents.

Cell Fractionation For cell fractionation, SGBS cells were
grown and differentiated until day 10. Subcellular fractions
were obtained by using hypotonic lysis followed by high salt
extraction of nuclei. See ESM Methods for further details.

Gene silencing Transfections of SGBS cells with siRNA
oligonucleotides were carried out by using Lipofectamine
RNAiMAX transfection reagent (Thermo Fisher Scientific).
Pre-adipocyte knockdowns were performed as a two-shots
transfection of a mix of two siRNA duplexes per gene
(12.5 nmol/l of each duplex) (see ESM Table 2C): reverse
transfection at the start of the experiment and forward
transfection the day before confluence. The non-targeting
control concentration depended on total siRNA amount of
the single and multiple knockdowns.

Neutral lipid accumulation and metabolism Data were
obtained from differentiated SGBS cells and normalised by
protein content. For TAG analysis, cells were processed as
previously described [32], except that the supernatant fraction
was analysed with the Serum Triglyceride Determination kit
(Sigma). Glycerol release to cell culture media was quantified
by using the Free Glycerol Determination Kit (Sigma). Fatty
acid and glucose incorporation into TAGs, and FAO analysis
were performed as previously described [33], with slight
modifications (see ESM Methods for details).

Enzyme assay Cell lysates (lysis buffer: 50 mmol/l Tris-HCl
pH 7.5, 0.25 mol/l sucrose, 10 mmol/l 2-mercaptoethanol,
protease inhibitors) were subjected to centrifugation at 1000
g for 10 min at 4°C to remove cell debris. Protein
concentration was determined by the method of Bradford
[34] using BSA as a reference protein. Preparation of the
substrate and measure of PAP activity was as previously
described [35–37]. See ESM Methods for details. The
Mg2+-independent LPP activity was measured in the same
reaction mixture except that 2 mmol/l EDTAwas substituted
for 0.5 mmol/l MgCl2. The Mg2+-dependent PAP1 activity
was determined by subtraction of LPPs activity from PAP
activity. A unit of PAP activity (expressed as units/mg protein)
was defined as the amount of enzyme catalysing the formation
of 1 nmol of product/min.

Metabolomic analysis SGBS cells were grown, transfected
with siRNA as explained above, and differentiated to day 4. In
brief, lipids were extracted from lyophilised samples by using
dichloromethane/methanol and water. The organic phase
(lipidic) was collected, dried under a stream of nitrogen, and
resuspended in acetonitrile/isopropanol/water for untargeted
LC-MS analysis. Differentially regulated lipids (p value
<0.05 and fold >2) were retained for compound identification
byMS/MS analyses. See ESMMethods for detailed procedures.

Statistical analysis Statistical analysis was performed by
using the SPSS software version 15 (Chicago, IL, USA).
ANOVA, Kruskal–Wallis, Pearson χ2, Spearman correlation
and Linear Stepwise Regression tests were performed for the
human cohort analysis, and theGeneral LinearModel Univariate
test for in vitro experiments. Statistical power in the cohort
analysis was ≥80%. The level of significance was set atα=0.05.

Results

Adipose tissue expression levels of the lipin family is
altered in type 2 diabetes To investigate the roles of lipin
paralogues in adipose tissue, we started by examining their
gene expression in paired abdominal subcutaneous (SAT)
and visceral (VAT) adipose tissue biopsies. As shown in
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Fig. 1a–c and ESM Fig. 1a–c, LPIN1 expression was reduced
in both SAT (p<0.001) and VAT (p=0.021) in the obesity and
type 2 diabetes groups compared with normoweight. LPIN2
expression was similar among groups. In contrast, SAT LPIN3
expression was significantly increased in the type 2 diabetes
(p=0.018). At the protein level, SAT showed only lipin-1 was
downregulated in obesity and in type 2 diabetes compared
with normoweight (p=0.034) (Fig. 1d–f).

Correlation analysis showed a negative association of
LPIN1 expression levels with BMI, HOMA-IR and plasma
TAG levels. In contrast, expression of LPIN3 positively
correlates with fasting glucose (SAT) and NEFA (VAT)
(Table 1). Regression analysis was performed, assessing age

and sex as confusing and interacting variables, and showed
that (1) SAT LPIN1 expression depends negatively on
HOMA-IR (R=0.466, p=0.005, excluded variables: BMI,
TAG, age and sex; LPIN1SAT=0.37× log10HOMA+0.984),
and (2) SAT LPIN3 expression depends positively on plasma
glucose levels (R=0.414, p=0.002, excluded variables: age
and sex; LPIN3SAT ¼ 1" 10 1:202"log10Glucose−0:961½ $).

The observed changes of the lipin family expression in type
2 diabetes participants may account for the altered PAP1
activity in adipocytes from these patients. Moreover, LPIN3
expression is associated with fasting glucose levels.
Alterations in lipin-3 protein levels in SATof participants with
type 2 diabetes may be masked by its presence also in the
stromal vascular fraction (data not shown).

The three lipin familymembers have a role in early human
adipogenesis Next, we examined the expression of lipins
during adipogenesis. Lipin-1 was induced, and lipin-2 and
lipin-3 levels were present along SGBS adipogenesis with
slight variation (Fig. 2a, b). Thus, SGBS adipocytes, similar
to differentiated adipose-derived stem cells (ESM Fig. 1d),
express the three lipin paralogues. Finally, under baseline
conditions, the three lipins partitioned between the cytosolic,
intranuclear and membrane-bound forms in SGBS adipocytes
(ESM Fig. 1e).

To address the effects of decreased PAP1 activity on
adipogenesis, we depleted each lipin member prior to the
induction of adipogenesis in SGBS pre-adipocytes (by using
siRNA; see Methods and Fig. 2c). Cells were analysed at day
4 after differentiation to assess adipogenic early events.
Protein expression analysis was used to confirm knockdowns
and evaluate possible compensatory mechanisms among
lipins. Lipin-1 depleted cells responded by compensatory
upregulation of lipin-2 protein (Fig. 2d and ESM Fig. 1f),
but not LPIN2 transcript levels (data not shown).
Conversely, single lipin-2 and lipin-3 knockdowns led to
lower protein levels of the other family members (Fig. 2d).
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Fig. 1 Altered expression of the lipin family in type 2 diabetes adipose
tissue. Participants were grouped by BMI and type 2 diabetes (T2D).
(a–c) mRNA expression relative to cyclophilin A and to a calibrator that
consisted of a mix of mRNA samples (n=17, 43 and 11 samples for the
normoweight [NW], obesity andT2Dgroups, respectively), and (d–f) protein
expression normalised to actin (n=9, 10 and 9) were quantified in human
abdominal subcutaneous adipose tissue. Data represent mean ± SD;
*p<0.05, ***p<0.001 vs normoweight; ANOVA and Kruskal–Wallis tests

Table 1 Correlation analysis in
abdominal SAT and VAT adipose
tissue biopsies from 71
participants

Variable SAT VAT

LPIN1 LPIN2 LPIN3 LPIN1 LPIN2 LPIN3

BMI −0.349** −0.021 0.220 −0.283† −0.091 0.034

HOMA-IR −0.471** −0.104 −0.006 −0.329* −0.139 −0.006
Glucose −0.349** 0.253† 0.357** −0.119 0.189 0.298†

Insulin −0.522*** −0.169 −0.039 −0.340** −0.179 0.017

Triacylglycerol −0.319** −0.018 0.072 −0.202 0.131 0.238

NEFA −0.095 0.129 0.128 −0.029 0.125 0.336**

Glycerol −0.188 −0.105 0.144 −0.113 0.097 0.274†

Spearman coefficient of the correlation analysis is shown. *p< 0.05, **p< 0.01, ***p < 0.001

Where statistical power is lower than 80%: † p < 0.05
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Analysis of PAP1 activity showed that lipin-1 accounted for
almost all PAP1 activity (lipin-1-depleted cells showed 5% of
PAP1 activity in the control), with lipin-2 and lipin-3 single
knockdowns reducing it to 49% and 61%, respectively
(Fig. 2e).

Next, we analysed incorporation of fatty acids and glucose
into TAGs. While esterification of fatty acids was
downregulated in lipin-1- and lipin-2-depleted cells, glucose
incorporation into TAGs decreased in all three lipin-depleted
cells (Fig. 2f).

Finally, we analysed the expression levels of transcription
factors that promote early adipogenesis. CEBPA was
downregulated in cells depleted of any lipin family member,

and CEBPB was decreased upon lipin-2 deficiency (Fig. 2g).
Under these conditions, gene expression of two key
transcription factors regulated by CCAAT/enhancer binding
proteins, PPARG and SREBP1 were downregulated
(Fig. 2g), and also at the protein level (ESM Fig. 2a, b).
CEBPD showed a significant upregulation in cells depleted
of any lipin family member (Fig. 2g), probably due to the
triggering of a compensation mechanism.

Given the role of lipins in neutral lipid biosynthesis, we
next explored expression of lipogenic genes. The expression
of these genes was significantly downregulated in cells
depleted of any lipin family member (Fig. 2h). In contrast,
glycerol-3-phosphate acyltransferase was significantly
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Fig. 2 Single knockdowns of
lipins in SGBS pre-adipocytes.
SGBS pre-adipocytes were
induced to differentiate, and
mRNA (a) and protein (b) levels
were analysed during
adipogenesis at the given time
points (n= 3). Data represent
mean ± SD of fold induction over
day 0. (c) Knockdowns of single
lipin members were performed in
pre-adipocytes, adipogenesis was
induced (day 0) and cells were
collected at day 4. (d) Lipin
protein levels (n= 7), (e) PAP1
activity (control: 23.10
± 5.12 nmol min−1 mg−1) (n= 3),
(f) fatty acid (FA) and glucose
incorporation into TAGs (control,
fatty acids: 220.8
± 185.7 arbitrary units TAG/μg
protein, glucose: 3.47
± 6.30 arbitrary units TAG/μg
protein) (n = 3), andmRNA levels
of (g) early adipogenic
transcription factors (n = 3), and
(h) lipogenic genes (n= 3) were
analysed. Gene expression is
expressed relative to cyclophilin
A and to non-targeting control.
Protein expression is normalised
to actin levels. Data represent
mean ± SD of fold increase over
non-targeting controls (set as 1).
*p< 0.05, **p< 0.01,
***p< 0.001, General Lineal
Model Univariate test. (a, b)
White squares, LPIN1; grey
squares, LPIN2; black squares,
LPIN3; (d–h) white bars, LPIN1
knockdown; grey bars, LPIN2
knockdown; black bars, LPIN3
knockdown
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upregulated in the lipin-1 and lipin-2 knockdowns (Fig. 2h).
Lipid quantification by mass spectrometry showed that,
among the lipid species that were altered, the levels of most
DAG (ESM Fig. 2c) and TAG (ESM Fig. 2d) species were
downregulated in cells depleted of any lipin compared with
controls. Interestingly, phosphatidate levels did not change
(data not shown).

Overall, despite the crosstalk between lipin family
members, lipin-1 silencing leads to a 95% depletion of PAP1
activity. However, our results point to a role of all three
members on early stages of human adipogenesis.

Single lipin silencing does not block TAG accumulation
in fully differentiated adipocytes Next, we analysed the
effects of lipin silencing in SGBS pre-adipocytes on late
adipogenesis. Similarly to the above experiments, we depleted
each lipin member prior to induction of adipogenesis in SGBS
pre-adipocytes, and cells were analysed at day 10 after
differentiation (Fig. 3a), where protein downregulation of
lipins still persisted (Fig. 3b and ESM Fig. 3a).

At day 10, lipin-1 depleted cells still responded by
compensatory upregulation of lipin-2 protein (Fig. 3b and
ESM Fig. 3a). Additionally, both single lipin-2 and lipin-3
knockdowns led to lower protein levels of the other lipins.
PAP1 activity analysis showed that lipin-1 accounted for
almost all PAP1 activity (lipin-1-depleted cells showed 3%
of the activity in the control). Lipin-2 and lipin-3 single
knockdowns reduced PAP1 activity only slightly (84% and
74%, respectively) (Fig. 3c).

Next, we assessed neutral lipid accumulation. Depletion of
any lipin triggered a slight reduction (15% to 34%) in TAG
accumulation (Fig. 3d). Expression of key transcription
factors for lipogenesis (ESM Fig. 3a, b) and genes of lipid
biosynthesis (ESM Fig. 3c) were altered to a lesser extent
compared with the effects observed at day 4.

Finally, fatty acid esterification into TAGs and
α-glycerophosphate synthesis/de novo lipogenesis (DNL)
were downregulated in cells depleted of any lipin (Fig. 3e).
Compared with day 4, lipin-3 depletion also showed reduced
fatty acid esterification into TAGs at day 10.

Overall, the effects of lipin knockdown were mild on fully
differentiated adipocytes suggesting that cells overcame the
initial impairment of lipid gene expression. This may be due
to the existence of enough remnant protein amounts of lipins,
although PAP1 activity at day 10 was still almost absent in the
lipin-1 knockdowns.

Combinatorial silencing of lipins does not further alter the
phenotype of fully differentiated adipocytesWe then asked
whether compensation by other lipin family members might
help cells to recover the initial alterations shown at day 4 after
adipogenesis. We used a combinatorial knockdown to deplete
combinations of two of the three lipins in SGBS pre-

adipocytes (see Methods), and analysed cells at day 10 of
differentiation (as in Fig. 3a).

Double lipin-1 and lipin-3 knockdowns led to an
upregulation of lipin-2 protein levels (Fig. 4a and ESM
Fig. 4). This compensatory pattern hindered the efficiency of
lipin-2 knockdown in the double (lipin-1 and -2) and triple
knockdown cells. Nevertheless, PAP1 activity in the triple
knockdown was residual compared with the control
(0.18±0.31 vs 39.29±3.42 nmol min−1 mg−1).

Despite the almost complete lack of PAP1 activity,
neutral lipid accumulation was not totally compromised in
the triple knockdown (Fig. 4b). This is in agreement with
the fact that deleterious mutations in LPIN1 do not affect
adipose tissue development in humans, and it suggests that
it is unlikely to be due to a compensatory upregulation
of lipin-2 (Fig. 2d), since the double lipin-1 and -2
knockdown shows a similar reduction in the content of
neutral lipids (Figs 3d, 4b).
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Fig. 3 Lipin-depleted SGBS pre-adipocytes can differentiate into
adipocytes. (a) Knockdowns of single lipin members were performed in
pre-adipocytes, adipogenesis was induced (day 0), and cells were collect-
ed at day 10. (b) Lipin protein levels (n= 3), (c) PAP1 activity (control:
38.88 ± 1.38 nmol min−1 mg−1) (n= 3), (d) total TAG content (control:
110.86 ± 37.29 mmol l−1 mg−1) (n = 3), and (e) fatty acid (FA) and
glucose incorporation into TAGs (control, fatty acids: 740.6 ± 292.3 arbi-
trary units TAG/μg protein, glucose: 3.73 ± 2.60 arbitrary units TAG/μg
protein) (n= 3) were analysed. Data represent mean ± SD of fold increase
over non-targeting controls (set as 1); *p < 0.05, **p < 0.01,
***p< 0.001; General Lineal Model Univariate test. White bars, LPIN1
knockdown; grey bars, LPIN2 knockdown; black bars, LPIN3
knockdown
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Moreover, depletion of the three lipins did not significantly
affect fatty acid esterification into TAGs and only slightly
downregulated α-glycerophosphate synthesis/DNL (Fig. 4c),
pointing to an improvement compared with day 4 (day 4
incorporation of fatty acids: 0.52 ± 0.35, p=0.006, and of
glucose: 0.32±0.15, p<0.001, fold over the control level).

Consumption of TAGs is reduced in lipin-depleted SGBS
adipocytes Lipid droplets accumulate neutral lipids in a
dynamic manner, with a balance among lipid biosynthesis,
lipid hydrolysis and FAO in mitochondria. To test whether
cells protect intracellular lipids by reducing its consumption,
we analysed the rates of palmitate oxidation. The results show
similar FAO rates in the control, single (Fig. 5a) and triple
knockdown (Fig. 5b). In contrast, levels of glycerol release
were downregulated compared with controls in the single
(Fig. 5c), and in all combinatorial knockdowns (Fig. 5d).
Thus, reduced consumption may contribute to the
accumulation of neutral lipids in lipin-depleted adipocytes.

The LPP family is upregulated under conditions of
repressed lipin expression Next, we tested whether the
Mg2+-independent LPPs could provide an alternative pathway
for DAG synthesis. LPP activity was highly induced in the
lipin-1 single knockdown (3.50 ± 1.18-fold increase over
control levels) (Fig. 6a), and in the triple knockdown
(2.74 ± 0.97-fold increase) at day 10 of differentiation
(Fig. 6b).

Moreover, the expression of LPP3 (also known as Plpp3/
PPAP2B) was upregulated in the single (Fig. 6c) and in the
combinatorial lipin knockdowns at day 10 (Fig. 6d) and,
similarly to lipogenic genes, upregulation was higher at day
four (ESM Fig. 5a). This was confirmed by using other

commercial sources of lipin-1 siRNA (ESM Fig. 5b) and
analysing LPP expression at day four of differentiation
(ESM Fig. 5c).

Propranolol, a nonspecific ß-blocker, is an effective PAP1
activity inhibitor and modestly effective as LPP inhibitor, with
the LPP3 isoform being more sensitive to inhibition [36].
Propranolol treatment during adipogenesis (Fig. 6e) altered
lipogenic gene expression (Fig. 6f) and blocked lipid droplet
formation in SGBS adipocytes (ESM Fig. 5d).

Discussion

Herein we have addressed the contribution of the lipin
paralogues to human adipogenesis. Decreased lipin
expression levels and PAP1 activity in adipose tissue have
been linked with insulin resistance [23–25]. In our cohort,
adipose tissue expression confirmed that lipin-1 is altered in
type 2 diabetes and that LPIN1 is negatively associated with
insulin resistance. Moreover, we show that LPIN3 transcript
levels are positively related with fasting glucose levels. This
prompted us to analyse separately the effects of gene silencing
of each lipin paralogue in adipogenesis.

Previous studies have established that lipin-1 plays a major
role in fat metabolism in rodents, with lipin-1 deficiency
causing lipodystrophy features in mice and rats [14, 38]. The
role of lipins in human adipogenesis is still undefined:
mutations in the LPIN1 gene have not yet been detected in
human lipodystrophy [39, 40]. Moreover, deleterious LPIN1
mutations cause paediatric rhabdomyolysis while fat
distribution, average weight and plasma biochemical variables
are normal [18]. Our data suggest that the lack of an essential
role for PAP1 activity in human adipogenesis is not due to
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Fig. 4 Combinatorial depletion of lipins in SGBS pre-adipocytes after full
differentiation. Multiple knockdowns of lipin members were performed in
pre-adipocytes, adipogenesis was induced (day 0) and cells were collected
at day 10. (a) Lipin protein levels (n = 3–6), (b) total TAG content
(controls: 71.11 ± 36.40 and 101.79± 76.15 mmol l−1 mg−1 for double
and triple knockdowns, respectively) (n= 5), and (c) fatty acid (FA) and
glucose incorporation into TAGs in the triple knockdown (control, fatty

acids: 493.4 ± 226.4 arbitrary units TAG/μg protein, glucose: 3.51
± 2.26 arbitrary units TAG/μg protein) (n = 3) were analysed. Data
represent mean ± SD of fold increase over non-targeting controls
(set as 1); *p < 0.05, **p < 0.01, ***p < 0.001; General Lineal Model
Univariate test. White bars, LPIN1 and LPIN2 knockdown; light grey bars,
LPIN1 and LPIN3 knockdown; dark grey bars, LPIN2 and LPIN3 knock-
down; black bars, triple knockdown
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compensation by lipin-2 or lipin-3.We find that the triple lipin
silencing in SGBS pre-adipocytes maintains the ability to
incorporate fatty acids into TAG and accumulate neutral lipids
despite loss of nearly all PAP1 activity.

SGBS pre-adipocytes are differentiated in the absence of
serum and, therefore, neutral lipids should be obtained from
DNL. Besides, although glyceroneogenesis is the major
pathway for glycerol synthesis in the mature adipocyte
[41], during adipogenesis glycolysis may account for an
important source of α-glycerophosphate. Thus, glucose in-
corporation into TAGs may account for DNL, but also for
α-glycerophosphate synthesis via glyceroneogenesis and
glycolysis. Downregulated α-glycerophosphate synthesis/
DNL points to broader effects of lipin silencing other than
TAG synthesis. Moreover, the putative intranuclear roles of
lipin-1, -2 and -3 in SGBS adipocytes add some complex-
ity to the above.

The lipin family members cooperate for optimal PAP
activity in mouse adipose tissue [42], liver [43, 44], brain
[43] and human primary myoblasts [45]. Our data show that
human lipin-1 accounts for most PAP1 activity in SGBS
adipocytes and that upregulation of lipin-2 in lipin-1-
depleted cells does not compensate for PAP1 activity. By
contrast, downregulation of PAP1 activity in lipin-2 and
lipin-3 single knockdowns cannot be fully attributed to their
own depletion since they also downregulate lipin-1.
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Fig. 6 Induction of the LPP family under conditions of repressed lipin
expression. Knockdowns of single, double and triple lipin family
members were performed in pre-adipocytes, adipogenesis was induced
(day 0) and cells were collected at day 10. LPP activity in (a) the single
(control: 6.01 ± 0.60 nmol min−1 mg−1) (n = 3) and (b) triple knockdowns
(control: 4.82 ± 0.53 nmol min−1 mg−1) (n= 3), and expression levels of
the LPP family in (c) the single (n = 7) and (d) combinatorial knockdowns
(n = 4–7) were analysed. (e) SGBS pre-adipocytes were induced to
differentiate in presence of 100 μmol/l of propranolol (PrPol).
(f) mRNA levels of lipogenic genes were analysed (n= 3). Data represent
mean ± SD of fold increase over non-targeting controls (a–d) or
non-treated control (f); *p < 0.05, **p < 0.01, ***p < 0.001; General
Lineal Model Univariate test. (a, c) White bars, LPIN1 knockdown; grey
bars, LPIN2 knockdown; black bars, LPIN3 knockdown; (b, d) white bars,
LPIN1 and LPIN2 double knockdown; light grey bars, LPIN1 and LPIN3
double knockdown; dark grey bars, LPIN2 and LPIN3 double knockdown;
black bars, triple knockdown; (f) white bars, propranolol-treated cells
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Fig. 5 Consumption of neutral lipids in fully differentiated lipin-depleted
SGBS pre-adipocytes. Knockdown of single, double and triple lipin
family members was performed in pre-adipocytes, adipogenesis was
induced (day 0) and cells were collected at day 10. Palmitate oxidation
rates in (a) single (control: 0.77 ± 0.37 nmol h−1 mg−1) (n= 3), and (b)
triple knockdowns (control: 0.63 ± 0.28 nmol h−1 mg−1) (n= 3); glycerol
release in (c) single (control: 0.42 ± 0.12 mmol l−1 mg−1) (n= 3), and (d)
combinatorial knockdowns (controls, double: 0.36 ± 0.21, and triple:
0.21 ± 0.07 mmol l−1 mg−1) (n= 5) were analysed. Data represent mean
± SD of fold increase over non-targeting controls (set as 1); **p < 0.01,
***p< 0.001; General Lineal Model Univariate test. (a, c) White bars,
LPIN1 knockdown; grey bars, LPIN2 knockdown; black bars, LPIN3
knockdown; (b, d) white bars, LPIN1 and LPIN2 double knockdown;
light grey bars, LPIN1 and LPIN3 double knockdown; dark grey bars,
LPIN2 and LPIN3 double knockdown; black bars, triple knockdown

Diabetologia



Activation of non-lipin compensatory pathways may also
mask the lipin phenotypes. Nevertheless, (1) we found no
evidence, at the mRNA level, of upregulation of the
monoacylglycerol O-acyltransferase pathway that can
generate DAG from monoacylglycerol [46, 47] (data not
shown); and (2) cholesteryl esters levels are likely not
upregulated since the effect of lipin knockdown on neutral
lipid content looks similar by Oil Red O staining (ORO) and
TAG content (ORO: 0.76±0.06, and TAG: 0.85±0.13 in the
lipin-1 knockdown, and ORO: 0.74 ± 0.12, and TAG:
0.54±0.33 in the triple lipin knockdown, compared with the
control set as 1). In contrast, LPP activity was induced in the
lipin knockdowns, possibly due to an earlier upregulation of
their transcript levels (observed by day 4). Moreover,
inhibition of both lipins and LPPs with propranolol
completely blocked lipid droplet formation, although this fact
must be taken with caution because of the non-specificity of
this compound. LPPs hydrolyse phosphatidate as well as
different substrates, and act on the outer surface of plasma
membrane and in the luminal surface of endoplasmic
reticulum (ER) and Golgi membranes [6] and thus, it is not
clear if they can have access to the phosphatidate formed from
glycerol phosphate and acyl-CoA. However, in yeast, TAG
synthesised both in the cytosolic and luminal leaflets of the
ER membranes are efficiently packed into lipid droplets [48].

Another strategy to protect the lipid storage when
glycerolipid synthesis is compromised might be downregula-
tion of lipid hydrolysis and FAO. Lipin-1 regulates basal
lipolysis [49], and modulates FAO transcript expression levels
[9]. We show that all combinatorial knockdowns of lipins
downregulate basal lipolysis to a greater extent than reduction
of neutral lipid content.

In summary, we confirm that adipose tissue expression of
the lipin family is altered in type 2 diabetes. Furthermore, loss
of nearly all PAP1 activity, due to combined lipin-1, -2 and -3
knockdown, has only mild effects on final adipogenesis and
lipid accumulation in SGBS cells. Conversely, lipin-2 and
lipin-3 may contribute little to total PAP activity, but still play
a role in early adipogenesis. Our results suggest a compensa-
tion strategy to accumulate near normal neutral lipid levels,
activating other pathways (such as LPPs) and inhibiting TAG
hydrolysis. More work is clearly required to decipher whether
LPPs or other unknown pathways may compensate lack of
PAP1 activity.
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ESM Methods 
 
Human	adipose	tissue	biopy	collection		
Selection of patients— For the gene expression study, a group of 71 participants was 
recruited at Joan XXIII University Hospital (Tarragona, Spain) and Sant Pau i Santa 
Tecla Hospital (Tarragona, Spain). All participants were of Caucasian origin and 
reported that their body weight had been stable for at least 3 months before the study. 
They had no systemic disease other than obesity or type 2 diabetes, and all had been 
free of any infections in the month before the study. Liver and renal diseases were 
specifically excluded by biochemical workup. 
The study included 17 normoweight, 43 individuals with obesity, and 11 individuals 
with type 2 diabetes, matched for age and gender (ESM Table 1A). Participants were 
classified by BMI according to the World Health Organization criteria [1]. Eleven 
patients were classified as having type 2 diabetes according to the American Diabetes 
Association criteria [2]. Variability in metabolic control was assessed by stable glycated 
haemoglobin A1c values during the previous 6 months. No patients were being treated 
with thiazolidinedione. Pharmacological treatment of the patients with type 2 diabetes 
was as follows: insulin, 9.1%; oral hypoglycaemic agents, 54.5%; statins, 63.6%; blood 
pressure- lowering agents, 54.5%. 
Sample size was calculated, based in a previous study [3], to achieve a difference in 
normalized gene expression levels between the studied groups of 0.3 or greater with a 
confidence level of 95% and a statistical power of 80%. 
Age and sex were assessed as interaction and confusing variables in the regression 
analysis. The global signification test was used to analyse interactions and for proposing 
the reference model. Residual analysis was performed to evaluate the models and data 
exclusion. The final regression model was chosen by comparing reduced models with 
the reference model.  
For the protein expression levels of the lipin family, a group of 28 male participants was 
recruited at Joan XXIII University Hospital (Tarragona, Spain). The study included 9 
normoweight, 10 individuals with obesity, and 9 individuals with type 2 diabetes, 
matched for age (ESM Table 1B). 
 
Anthropometric measurements— Height was measured to the nearest 0.5 cm and body 
weight to the nearest 0.1 kg. BMI was calculated as weight (kilograms) divided by 
height (meters) squared. Waist circumference was measured midway between the 
lowest rib margin and the iliac crest. 
 
Collection and processing of samples— VAT (omental) and SAT (anterior abdominal 
wall) samples were obtained from all individuals for the gene expression analysis, and 
SAT samples for the protein expression analysis. Samples were obtained during 
abdominal elective surgical procedures (cholecystectomy or surgery for abdominal 
hernia). All patients had fasted overnight. Blood samples were collected before the 
surgical procedure from the antecubital vein: 20 ml of blood with EDTA (1 mg/ml), and 
10 ml of blood in silicone tubes. Fifteen millilitres of collected blood were used for the 
separation of plasma. Plasma and serum samples were stored at -80 C until analytical 
measurements were performed. Five millilitres of blood with EDTA were used to 
determine glycated haemoglobin A1c. Adipose tissue samples were collected, washed 
in 1X PBS, immediately frozen in liquid nitrogen, and stored at -80 C. 
 



Analytical methods— Plasma glucose, cholesterol, and triacylglycerol levels were 
determined in an autoanalyzer (Hitachi 737; Roche Molecular Bio- chemicals, Marburg, 
Germany) using the standard enzyme methods. Non-esterified free fat acid (NEFA) 
serum levels were determined in an autoanalyzer (Advia 1200; Siemens AG, Munich, 
Germany) using an enzymatic method developed by Wako Chemicals (Neuss, 
Germany). Plasma glycerol levels were analyzed by using a free glycerol determination 
kit, a quantitative enzymatic determination assay (Sigma-Aldrich Corp., St. Louis, MO). 
Intra- and interassay coefficients of variation were less than 6% and less than 9.1%, 
respectively. Plasma insulin was determined by RIA (Coat-A-Count insulin; Diagnostic 
Products Corp., Los Angeles, CA) in all participants, except in insulin-treated type 2 
diabetes patients. The homeostasis model assessment of insulin resistance (HOMA-IR) 
was determined as [glucose (mmol/l) x insulin (mIU/l)]/22.5 [4].  
 
Cell	culture	and	differentiation		
Differentiation of SGBS cells— Preadipocytes were grown in serum-containing medium 
(DMEM/F12 supplemented with 10% foetal bovine serum, 33 µmol/l biotin, 17 µmol/l 
pantothenate and antibiotics) in a humidified 37 °C incubator with 5% CO2, until 
reaching confluence. Cells were seeded at 25,000 cells per cm2 and reached confluence 
in three days. To induce adipose differentiation cells were repeatedly washed with PBS 
buffer and cultured for four days in serum-free, basal medium supplemented with 33 
µmol/l biotin, 17 µmol/l pantothenate, 1 nmol/l insulin, 200 pmol/l triiodothyronine, 0.1 
µmol/l cortisol, 0.01 mg/ml transferrin, 0.5 mmol/l IBMX, 2 µmol/l rosiglitazone and 
25 nmol/l dexamethasone (differentiation medium). Cells were cultured in adipocyte 
maintenance medium for one week (differentiation medium without IBMX, 
dexamethasone and rosiglitazone). The medium was changed twice a week. 
 
Human adipose stem cell isolation—All tissues were obtained from patients undergoing 
elective liposuction surgery. Adipose-derived stem cells (ASC) were isolated from 
adipose tissue (n=3), according to published protocols [5]. Briefly, ASC were obtained 
from washed lipoaspirate tissues by collagenase digestion, from the Biobank	 of	 the	
Joan	XXIII	University	Hospital. The resulting stromal vascular cells were cultured in 
medium consisting of Dulbecco's modified Eagle's medium (DMEM)/F12, 10% fetal 
bovine serum (FBS), plus antibiotics at 37 °C, 5% CO2 overnight. The following day, 
the ASC were rinsed with warm PBS and maintained until 80–90% confluent. The ASC 
cultures were collected by trypsin digestion and aliquots of 106 cells cryopreserved in 
liquid nitrogen until required for experimentation. 
Thawed ASC cells were transferred to culture vessels at a density of 5x103 cells/cm2 in 
preadipocyte medium (low glucose DMEM supplemented with 10% FBS, 15 mmol/l 
HEPES, 2.5 ng/ml Fibroblast growth factor-2, 33 µmol/l biotin, 17 µmol/l pantothenate 
and antibiotics). The cells were maintained in a humidified tissue culture incubator at 37 
°C with 5% CO2. The medium was replaced every second day until the cells reached 
80% confluence. Cells were collected by trypsin digestion for inducing adipogenic 
differentiation. 
 
Differentiation of ASCs— The ASCs were used at passage 5. To induce adipogenesis, 
confluent cultures of ASCs were cultured for 2 days in adipocyte differentiation 
medium (DMEM/F-12 supplemented with 10% FBS, 5 µmol/l rosiglitazone, 1 nmol/l 
dexamethasone, 0.5 mmol/l 1-methyl-3-isobutylxanthine (IBMX), 0.01 mg/ml 
transferrin, 1 nmol/l human insulin, 33 µmol/l biotin, 17 µmol/l pantothenate and 
antibiotics). The induced cells were re-fed every 3 days with adipocyte maintenance 



medium (adipocyte differentiation medium without IBMX, and dexamethasone), during 
12 days.  
 
Quantification	of	expression	levels		
Western blot analysis— 10 µg of total protein per lane were resolved by electrophoresis 
in 8 to 12% SDS–PAGE, transferred to nitrocellulose membranes (Whatman), blocked 
in either 5% non-fat dry milk in PBS containing 0.01% Tween 20 or following 
manufacturer´s recommendations for 1 h at room temperature, incubated with the 
primary antibody overnight at 4 °C and secondary for 1 h. The western blots were 
developed with Super-Signal West Femto Maximum Sensitivity Substrate (Pierce). 
Images were quantified by using ImageJ v.1.48 (Wayne Rasband, National Institutes of 
Health, USA). Actin and GAPDH protein levels were used for normalisation. 
 
qPCR—Total RNA was extracted by using an RNeasy Lipid Tissue Midi Kit (total 
adipose tissue) and RNeasy Tissue Mini Kit (SGBS cells) (QIAGEN, Germantown, 
MD, USA). Total RNA was transcribed to cDNA by using a High-Capacity cDNA 
Reverse Transcription Kit (Applied Biosystems, LifeTechnologies Corporation). Real 
time qPCR analysis was performed with duplicates on a 7900HT Fast Real-Time PCR 
System using hydrolysis probes (Applied Biosystems, ESM Table 2C). SDS software 
2.3 and RQ Manager 1.2 (Applied Biosystems) were used to analyse the results with the 
comparative quantification cycle (Cq) method (2-ΔΔCq), and cyclophilin A as reference 
gene. For the human cohort analysis, samples from different groups were randomised at 
every qPCR run. 
 
Cell Fractionation 
For cell fractionation, cells were processed as described previously [6], with some 
modifications. The whole process was performed in ice and centrifugations were 
performed at 16,000 x g and 4˚C. Mainly, SGBS cells were grown and differentiated in 
two wells from 6-well plates, washed with PBS, scrapped in 75 µl of 10 mmol/l Tris-
HCl (pH 7.4), 0.2 mmol/l AEBSF, 1.5 mmol/l MgCl2, 10 mmol/l NaCl, 0.5 mmol/l 
dithiothreitol (DTT). Lysed cells were incubated in ice for 15 minutes vortex mixed, 
and centrifuged 10 seconds. The supernatant was kept as cytosolic fraction and the 
pellet was resuspended in 20 mmol/l Tris-HCl (pH 7.4), 25% glycerol, 0.2 mmol/l 
AEBSF, 1.5 mmol/l MgCl2, 420 mmol/l NaCl, 0.5 mmol/l DTT, 0.2 mmol/l EDTA. The 
lysate was incubated in ice for 20 minutes and centrifuged 2 minutes. The supernatant 
was kept as nuclear fraction and the pellet was resuspended in H2O as membrane bound 
proteins. 
 
Neutral	lipid	accumulation	and	metabolism		
Fatty acid and glucose incorporation into TAGs was measured by incubating adipocytes 
for 16 h at 37°C in serum-free medium containing 0.5 mmol/l palmitate and 1 µCi/ml 
[1-14C] palmitate bound to 1% bovine serum albumin (BSA) or 5 mmol/l glucose and 1 
µCi/ml [1-14C] glucose. Cells were then washed in PBS and lipids were extracted and 
separated by TLC to measure the incorporation of labelled fatty acid into TAGs, as 
described [7]. Data are expressed as arbitrary units normalised by protein content. For 
FAO analysis, adipocytes were washed in KRBH 0.1% BSA, preincubated at 37 ºC for 
30 min in KRBH 1% BSA, and washed again in KRBH 0.1% BSA. Cells were then 
incubated for 4 h at 37 ºC with fresh KRBH containing 5 mmol/l glucose and 0.5 
mmol/l carnitine plus 0.25 mmol/l palmitate and 1 µCi/ml [1-14C]palmitate bound to 



1% BSA. Palmitate oxidation to CO2 measurements were performed as previously 
described [7], and expressed as nmol of CO2 h-1 mg-1 of protein. 
 
Enzyme	assay		
The radioactive substrate [32P]phosphatidate was enzymatically synthesized from 1,2-
dioleoyl-sn-glycerol and [γ-32P]ATP with Escherichia coli diacylglycerol kinase. PAP 
activity was measured with cell extracts at 37 C for 20 min in a total volume of 100 µl 
containing 50 mmol/l Tris-HCl (pH 7.5), 0.5 mmol/l MgCl2, 10 mmol/l 2-
mercaptoethanol, 0.2 mmol/l [32P]phosphatidate (5,000 cpm/nmol), and 2 mmol/l 
Triton X-100.  
 
Metabolomic	analysis	
SGBS cells were grown in 6-well plates, transfected with siRNA as explained above, 
and differentiated to day 4. Three wells from a 6-well plate were used per condition, and 
cells were washed with 1X phosphate buffer saline and collected by scrapping with 355 
µl of methanol. Collected cells were sonicated, and an aliquot of 40 µl was used for 
protein quantification. The remaining volume was frozen and kept at -80 C until the 
analysis. Four replicas were performed.  
 
Lipid extraction method— Lipids were extracted from lyophilized samples by adding 
570 µl of a cold mixture of dichloromethane/methanol (2:1 v/v). The resulting 
suspension was vortexed and bath-sonicated for 5 min. We subsequently added 120 µl 
of cold water, vortex samples again and organic and aqueous layers were allowed to 
equilibrate for 10 min at room temperature. Cell lysates were centrifuged (15,000 rpm, 
15 min at 4 C), and the organic phase (lipidic) was collected for drying under a stream 
of nitrogen. Lipid pellets were resuspended in 300 µl of acetonitrile/isopropanol/water 
(65:30:5 v/v) for LC-MS analysis. 100 µl of culture media was lyophilized and 
subsequently resuspended in dichloromethane/methanol (2:1 v/v) following the same 
procedure as that used for cells, with the exception that lipid pellets were resuspended in 
200 µl (acetonitrile: isopropanol: water (65:30:5 v/v). 
 
LC/MS analysis— Untargeted LC/MS analyses were performed using an UHPLC 
system (1200 series, Agilent Technologies) coupled to a 6550 ESI-QTOF MS (Agilent 
Technologies) operating in positive (ESI+) or negative (ESI–) electrospray ionization 
mode. Lipids were separated by reverse phase chromatography with an Acquity UPLC 
C8 column (150 x 2.1 mm, 1.8 µm). Mobile phase A = water/acetonitrile (60:40) (10 
mmol/l ammonium formate and 0.1% formic acid) and B = isopropanol/acetonitrile 
(95:5) (10 mmol/l ammonium formate, 0.1% formic acid and 0.1% H2O). Solvent 
modifiers, such as 0.1% formic acid and 10 mmol/l ammonium formate, were used to 
enhance ionization, as well as to improve the LC resolution in both positive and 
negative ionization modes. The elution gradient started at 32% B (time 0–1 min), 
increased to 60% of B (time 1–4 min) and increased again to 100% B over 11 min (time 
4–15 min). The injection volume was 2 µl for cell lipids and 5 µl for media lipids. ESI 
conditions: gas temperature, 150 C; drying gas, 13 l/min; nebulizer, 35 psig; 
fragmentor, 150 V; and skimmer, 65 V. The instrument was set to work over the m/z 
range 50–1200 with an acquisition rate of 3 spectra/sec. For compound identification, 
MS/MS analyses were performed in targeted mode, and the instrument set to acquire 
spectra over the m/z range 50–1000, with a default iso width (the width at half-
maximum of the quadrupole mass bandpass used during MS/MS precursor isolation) of 
4 m/z. The collision energy was fixed at 20 V. 



 
Lipidomic data analysis— LC/MS (ESI+ and ESI− mode) data were processed using 
the XCMS [8] software to detect and align mzRT features. A feature is defined as a 
molecular entity with a unique m/z and a specific retention time. XCMS analysis of 
these data provided a matrix containing the retention time, m/z value, and integrated 
peak area of each feature for each sample of cells and culture medium. We constrained 
the initial number of features by means of the following criteria: only features above an 
intensity threshold of 3,400 counts were retained for further statistical analysis. Quality 
control samples (QCs) consisting of pooled cells from each condition were injected at 
the beginning and periodically every four samples. The performance of the LC/MS 
platform for each mzRT feature detected in the cell culture samples was assessed by 
calculating the relative standard deviation of these features on pooled samples (CVQC), 
following Vinaixa et al. [9]. Next, the intensities of the mzRT features were compared 
using a One-way ANOVA for each differentiation day separately, correcting for 
multiple testing using Tukey's ‘Honest Significant Difference’ method. Differentially 
regulated lipids (p value<0.05 and fold>2) were retained for further tandem MS 
characterization. Lipid structures were identified by matching tandem MS spectra 
against reference standards in HMDB [10], LIPIDMAPS [11] or LipidBlast [12] 
databases, or using CFM-ID software [13]. 
 
Statistical analysis  
ANOVA, Kruskal–Wallis, and Pearson χ2 tests were performed for the human cohort 
analysis, and the General Linear Model Univariate test and Student T-test for in vitro 
experiments. Statistical power in the cohort analysis was ≥80%. The level of 
significance was set at α=0.05. 
 
Abbreviations 
(AEBSF) 4-(2-aminoethyl) benzenesulfonyl fluoride, (ASC) adipose-derived stem cells, 
(BSA) bovine serum albumin, (DTT) dithiothreitol, 1-methyl-3-isobutylxanthine 
(IBMX), 
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ESM Table 1. Characteristics of the cohorts for the study of the mRNA (A) and protein 

(B) expression. 

 
A. Normoweight Obesity T2DM  

N 17 43 11  

Age (yr) [mean (SD)] 53.88 ± 15.41 57.23 ±14.08 66.09± 8.58  

Sex (N, Female) 12 25 5  

BMI (kg/m2) [median (IQR)] 23.81 (1.50) 27.99 (4.60)*** 28.68 (3.53)***  

HOMA-IR [median (IQR)] 0.82 (1.41) 1.22 (1.20) 3.66 (21.95)*  

Glucose (mM) [median (IQR)] 4.74 (0.80) 5.53 (0.64) 8.33 (3.11)***  

Insulin (µIU/mL) [median (IQR)] 3.57 (5.55) 4.49 (4.20) 10.23 (17.96)  

Triacylglycerol (mM)  

[median (IQR)] 

1.04 (0.87) 1.03 (0.76) 1.66 (1.08)	  

NEFA  (mM) [mean (SD)] 1.00 ± 0.75 0.77 ± 0.26 0.92 ± 0.41  

Glycerol (mM) [median (IQR)] 177.6 (239.1) 144.3 (132.4) 301.6 (255.8)*	  

 
B. Normoweight Obesity T2DM 

N 9 10 9 

Age (yr) [mean (SD)] 51.67 ± 3.24 52.70 ± 4.24 55.22 ± 4.84 

BMI (kg/m2) [median (IQR)] 23.30 (3.91) 33.48 (5.32)*** 35.22 (6.17)*** 

HOMA-IR [median (IQR)] 0.63 (1.38) 2.21 (3.08) 6.92 (7.30)** 

Glucose (mM) [median (IQR)] 3.78 (1.11) 4.28 (1.67) 8.56 (4.82)** 

Insulin (µIU/mL) [median (IQR)] 4.00 (5.03) 12.70 (12.21) 18.73 (12.32)** 

Triecylglycerol (mM)  

[median (IQR)] 

0.81 (0.82) 1.43 (1.25) 1.72 (1.60)* 

 
 
Abdominal adipose tissue (AT) was extracted from a cohort of 71 and 28 subjects for 

the gene (A) and protein (B) expression analysis, respectively. Participants	 were	
grouped	by	BMI	and	type	2	diabetes	(T2D).	Clinical and anthropometrical variables 

were collected. Normal distributed data are expressed as mean value (SD), and for 

variables with no Gaussian distribution, values are expressed as median (interquartile 

range, IQR). *p<0.05, **p<0.01, ***p<0.001, compared with normoweight. ANOVA, 

Kruskal-Wallis and Pearson	χ2	tests.	 



ESM	Table	2.	Commercial	reagents	used	in	this	study.	

	
A.	ANTIBODIES	

	
Symbol	 Company	Reference	 Dilution	
ACTIN	 Sigma-Aldrich	 A2228	 1/1000	
CALNEXIN	 Abcam	 ab22595	 1/3000	
FABP4	 Santa	Cruz	

Biotechnology	
sc-18661	 1/4000	

GAPDH	 Santa	Cruz	
Biotechnology	

sc-32233	 1/400	

PPARG	 Cell	Signaling	 2443	 1/1000	
SREBP1c	 Santa	Cruz	

Biotechnology	
sc-8984	 1/1000	

TUBULIN	 Sigma-Aldrich	 T6557	 1/3000	
⎯	⎯	⎯	⎯	⎯	⎯HRP-conjugated	secondary	antibodies	against	⎯	⎯	⎯	⎯	⎯	⎯		
goat	 Sigma-Aldrich	 A8919	 1/4000	
mouse	 Jackson	

Immunoresearch	
115-035-008	 1/7000	

rabbit	 Sigma-Aldrich	 A0545	 1/5000	
	
B.	HYDROLYSIS	PROBES	
	
Symbol	 Gene	 ID	 CQ	(mean	±	SD)	a	
ACACA	 acetyl-CoA	carboxylase	alpha	 Hs01046047_m1	 27.8	±	0.4	
AGPAT2	 1-acylglycerol-3-phosphate	O-

acyltransferase	2	
Hs00944961_m1	 25.8	±	1.6	

CEBPA	 CCAAT/enhancer	binding	protein	
(C/EBP),	alpha	

Hs00269972_s1	 22.5	±	1.3	

CEBPB	 CCAAT/enhancer	binding	protein	
(C/EBP),	beta	

Hs00270923_s1	 22.5	±	0.1b	

CEBPD	 CCAAT/enhancer	binding	protein	
(C/EBP),	delta	

Hs00270931_s1	 29.4	±	0.2	b	

DGAT1	 diacylglycerol	acyltransferase	1	 Hs00201385_m1	 26.6	±	1.3	
DGAT2	 diacylglycerol	acyltransferase	2	 Hs00261438_m1	 20.9	±	0.6	
GPAT3	 glycerol-3-phosphate	

acyltransferase	3	
Hs00262010_m1	 26.8	±	1.0	

LPIN1	 lipin	1	 Hs00299515_m1	 23.2	±	0.4	
LPIN2	 lipin	2	 Hs00206237_m1	 27.4	±	0.3	
LPIN3	 lipin	3	 Hs01040129_m1	 25.0	±	0.4	
LPP1	 phosphatidate	phosphatase	type	

2A	
Hs00170356_m1	 23.0	±	0.3	

LPP2	 phosphatidate	phosphatase	type	
2C	

Hs00186575_m1	 28.4	±	6.2	

LPP3	 phosphatidate	phosphatase	type	
2B	

Hs00170359_m1	 25.7	±	5.1	

MOGAT1	 monoacylglycerol	O-
acyltransferase	1	

Hs00369695_m1	 34.6	±	1.8	



MOGAT2	 monoacylglycerol	O-
acyltransferase	2	

Hs00228268_m1	 34.6	±	0.9	

MOGAT3	 monoacylglycerol	O-
acyltransferase	3	

Hs00698325_m1	 Non	detectable	

PCK1	 phosphoenolpyruvate	
carboxykinase	1	

Hs00159918_m1	 20.4	±	0.5	

PPARG	 peroxisome	proliferator-
activated	receptor	gamma	

Hs00234592_m1	 23.2	±	0.4	

PPIA	 cyclophilin	1A	 Hs99999904_m1	 19.9	±	0.5	
SCD1	 stearoyl-CoA	desaturase	 Hs01682761_m1	 23.4	±	0.8	
SREBF1	 sterol	regulatory	element	binding	

transcription	factor	1	
Hs01088691_m1	 22.1	±	0.6	

	
C.	siRNA	OLIGONUCLEOTIDES	
	
Symbol	 	 Company	 Reference	
⎯	⎯	⎯	⎯	⎯	⎯	⎯	Silencer(R)	Select	Pre-designed	siRNA	⎯	⎯	⎯	⎯	⎯	⎯	⎯	⎯	
LPIN1	 	 Ambion	 S23205,	S23206	
LPIN2	 	 Ambion	 S18590,	S18591	
LPIN3	 	 Ambion	 S35072,	S35073	
Non-Targeting	control	 Ambion	 No.	1	
⎯	⎯	⎯	⎯	⎯	⎯	⎯	⎯	⎯	⎯	On-Target	Plus	siRNA	⎯	⎯	⎯	⎯	⎯	⎯	⎯	⎯	⎯	⎯	
LPIN1	 	 Dharmacon	 J-017427-09,	-11	
LPIN2	 	 Dharmacon	 J-013458-09,	-11	
LPIN3	 	 Dharmacon	 J-032702-07,	-08	
Non-Targeting	control	 Dharmacon	 D-001810-01	
	

	amean	 CQ	 ±	 SD	 from	 the	 day	 10-control	 (non-targeting	 siRNA	 control	 of	 single	

knockdowns),	except	b,	which	stands	for	day	4-control.		

 



 
 
ESM Fig. 1. Lipin expression levels in human adipocytes. (a-c) Relative mRNA levels 
of the lipin family members were quantified in human abdominal visceral adipose 
tissue. Participants were grouped by BMI and type 2 diabetes (T2D). *, p<0.05 vs. 
normoweight; ANOVA	and	Kruskal-Wallis	tests. (d) Protein levels of the lipin 
members were analysed during adipogenesis of adipose derived stem cells (ASC) from 
three different individuals. Protein levels of adipocyte markers (PPAR gamma and 
FABP4), and loading controls (glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 
and actin), were also analysed. Portions of blots from a representative sample are 
shown. (e) Subcellular fractions containing cytosolic, intranuclear and membrane 
protein were isolated from SGBS adipocytes (day 10 after differentiation), and 
subcellular localization of endogenous lipin-1, -2 and -3 was assessed. Equal protein 
amounts from the fractions were loaded on an 8% SDS-PAGE and immunoblotted 
using the indicated antibodies. Markers for cytosol (GAPDH), nuclei (tubulin), and 
membranes (calnexin) were used. Representative portions of Western blots with 
duplicates are shown. (f) Single lipin-1, -2 or -3 knockdowns (L1, L2, or L3 
respectively), and the non-targeting control (nT), were performed in SGBS preadipocyte 
cells. After induction of adipogenesis, cells were collected at day 4 and protein levels of 
lipins were analysed. Portions of blots from a representative sample are shown. 
 



 
 
ESM Fig. 2. The three members of the lipin family have a role in human SGBS 
lipogenesis in early adipogenesis stages. Knockdowna of single lipin members were 
performed in SGBS preadipocyte cells. After induction of adipogenesis, cells were 
collected at day 4 and analysed. (a) Protein levels of transcription factors (n=7), and (b) 
representative portions of Western blots are shown. Abundance of significantly changed 
species of (c) diacylglycerol (DG) and (d) triacylglycerol (TG), (n=4). Data	represent	
mean±SD	 of	 fold	 increase	 over	 non-targeting	 controls	 (set	 as	 1).	 **p<0.01,	
***p<0.001,	General	Lineal	Model	Univariate	 test.	White	bars,	LPIN1	 knockdown;	
grey	bars,	LPIN2	knockdown;	black	bars,	LPIN3	knockdown. 
 



 

 
 
ESM Fig. 3. Transcript and protein levels in lipin- depleted SGBS preadipocytes after 
fully differentiation. Single knockdowns of lipin members were performed in SGBS 
preadipocyte cells. (a) At day 10 after differentiation, protein levels of the lipin family 
and adipocyte markers (PPAR gamma and SREBP1) were analysed. Portions of blots 
from a representative sample are shown. (b) Protein levels of transcription factors PPAR 
gamma and SREBP1 (n=5). (c) Transcript levels of genes involved in lipogenesis. Data	
represent	mean±SD	of	fold	increase	over	non-targeting	controls	(set	as	1).	*p<0.05,	
**p<0.01,	 ***p<0.001,	 General	 Lineal	 Model	 Univariate	 test.	 White	 bars,	 LPIN1	
knockdown;	grey	bars,	LPIN2	knockdown;	black	bars,	LPIN3	knockdown. 
  



 
 
ESM Fig 4. Combinatorial depletion of lipins in SGBS preadipocytes after fully 
differentiation. LPIN1	and	LPIN2	double	knockdown	(L12),	LPIN1	and	LPIN3	double	
knockdown	 (L13),	LPIN2	 and	LPIN3	 double	knockdown	 (L23),	 triple	knockdown 
(L123), and their corresponding non-targeting controls (nT), were performed in SGBS 
preadipocyte cells. Cells were induced to differentiate, and collected at day 10. 
Representative portions of Western blots are shown.  
 



 
 
ESM Fig 5. The LPP family is induced under conditions of repressed lipin expression. 
Knockdown of single lipin members were performed in SGBS preadipocyte cells and 
cells were induced to differentiate. (a) Transcript levels of genes from the LPP/PAP2 
family were analysed at day 4 after differentitation, relative to cyclophilin 1A and to 
control (n=3), General	Lineal	Model	Univariate	test. (b, c) Single lipin knockdowns, 
and the corresponding non-targeting control, were performed in SGBS preadipocyte 
cells by using siRNA from two different sources and cells were collected on day 4 after 
differentiation. (b) Representative portions of Western blots of extracts from cells 
transfected with siRNA from Dharmacon (non targeting control, nT; single LPIN1, L1; 
LPIN2, L2; LPIN3, L3 knockdowns). (c) Transcript levels of cells transfected with 
LPIN1 siRNA from both Dharmacon and Ambion were analysed (n=4-5), Student T 
test. (d) SGBS preadipocytes were induced to differentiate in presence of 100 µmol/l 
propranolol (PrPol). Contrast-phase microscopy showed lipid droplet formation 
throughout adipogenesis is blocked in propranolol-treated cells.	 Data	 represent	



mean±SD	 of	 fold	 increase	 over	 non-targeting	 controls	 (set	 as	 1).	 **p<0.01,	
***p<0.001.	(a)	White	bars,	LPIN1	knockdown;	grey	bars,	LPIN2	knockdown;	black	
bars,	LPIN3	 knockdown.	 (c)	White	 bars,	 Dharmacon	 siRNAs;	 black	 bars,	 Ambion	
siRNAs. 
  







	
	
	
CORRIGENDUM	
	
The	Lipin	Protein	Family	in	Human	Adipocytes:	Lipid	Metabolism	and	Obesity,	by	Ana	
Temprano	López.	
Doctoral	thesis.	2016	
URV	
	
Data	of	PPARG	and	SREBF1	protein	levels	in	Figure	3.10b,	page	108,	incorrectly	
corresponded	to	day	10	values	represented	in	Figure	3.13b.	
	
	

	
FIGURE 3.10 All three lipins play a role in human SGBS in early adipogenesis stages. Silencing of 

single LPIN1, LPIN2, LPIN3 and the corresponding non-targeting control [nT], was performed 
in SGBS pre-adipocyte cells. After induction of adipogenesis, cells were collected at day 4 and 
analysed. (a) mRNA levels of early adipogenic transcription factors (n=3), (b) protein levels of 
transcription factors (n=7), and (c) representative portions of Western blots are shown. Data 
represent mean ± SD of fold increase over non-targeting controls. * p<0.05, ** p<0.01, *** 
p<0.001, General Lineal Model Univariate test. White bars, LPIN1 knockdown; grey bars, 
LPIN2 knockdown; black bars, LPIN3 knockdown. 
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