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Resumen
1-acilglicerol-3-fosfato O-aciltransferasa-2 (AGPAT2) es una enzima que participa en
la síntesis de triacilgliceroles y glicerofosfolípidos. En la diferenciación de adipocitos
(adipogénesis) el almacenamiento de lípidos en gotas lipídicas de los adipocitos tiene un rol
fundamental. Mutaciones en el gen codificante para esta enzima generan lipodistrofia congénita
generalizada, enfermedad caracterizada por la reducción severa de tejido adiposo blanco y
pardo, así como también severas complicaciones metabólicas. Los ratones deficientes para
AGPAT2 (Agpat2-/-) nacen con tejido adiposo pardo de morfología y abundancia similar al de
ratones normales, sin embargo, este tejido degenera completamente durante los primeros 6 días
después de nacer. Las causas de este fenómeno son actualmente desconocidas. La hipótesis de
esta tesis es que adipocitos pardos de ratones Agpat2-/- tienen anormalidades transcripcionales
que determinan adipogénesis defectuosa y mayor susceptibilidad a muerte celular lipotóxica.
Para evaluar esta hipótesis, preadipocitos pardos del tejido adiposo interescapular de
ratones Agpat2-/- y tipo silvestre fueron diferenciados adipogénicamente en cultivo celular y
comparados en diversos parámetros morfológicos y moleculares. Los cultivos de preadipocitos
diferenciados Agpat2-/- presentaron una menor proporción de células cargadas con gotas
lipídicas a lo largo de la diferenciación y una expresión disminuida de los reguladores
transcripcionales pro-adipogénicos PPARy, PPARα, C/EBPα y PGC1α. Importantemente, los
factores de transcripción PRDM16 y C/EBPβ, previamente identificados como mediadores de
la diferenciación adipogénica parda, tuvieron niveles normales en los adipocitos pardos Agpat2/-

diferenciados in vitro. Concordantemente, la proteína UCP1, un marcador específico de

adipocito pardo maduro, permaneció indetectable en los adipocitos Agpat2-/- diferenciados. Por
el contrario, sus niveles fueron fuertemente inducidos en los adipocitos pardos tipo silvestre

12

diferenciados in vitro. El análisis ultraestructural de los adipocitos diferenciados mostró que las
mitocondrias de los adipocitos Agpat2-/- diferenciados pardos tienen morfología notoriamente
alterada, con crestas de geometría irregular, y una menor asociación física con gotas lipídicas, a
diferencia de lo que ocurre en los adipocitos pardos normales diferenciados, que tienen
mitocondrias con crestas plegadas en disposición paralela y que están íntimamente asociadas a
gotas lipídicas con alta frecuencia. El análisis global del transcriptoma de los adipocitos
diferenciados in vitro mostró divergencia significativa en la abundancia del mRNA codificado
por varios grupos de genes. Entre estas destacaron, menor expresión de genes relacionados a la
acumulación de lípidos y estructura y función mitocondrial, y mayor expresión de genes
estimulados por interferón. Estos resultados fueron verificados independientemente por análisis
de qRT-PCR.
Adicionalmente, los cultivos de adipocitos Agpat2-/- diferenciados presentan menores
niveles de Elovl3 y mitoNEET, ambos previamente identificados como reguladores de la
diferenciación y función adiposa. Importantemente, la sobreexpresión de estas proteínas por
medio de vectores adenovirales, no normalizó la acumulación de gotas lipídicas en adipocitos
Agpat2-/- diferenciados, indicando que la diferenciación adipogénica defectuosa dependiente de
la carencia de AGPAT2 no es revertida por estos productos génicos.
Finalmente, para evaluar la mayor susceptibilidad a muerte celular por lipotoxicidad en
adipocitos pardos Agpat2-/-, primero se cuantificó la concentración y composición de ácidos
grasos en el plasma de ratones Agpat2-/- recién nacidos en comparación con ratones tipo silvestre
de la misma edad, mostrando una elevación marcada de todas las clases de ácidos grasos, en
particular saturados y monoinsaturados, a partir del segundo día postnatal. Entre los primeros
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destacó el ácido palmítico, cuya concentración fue ~5 veces mayor en los ratones Agpat2-/recién nacidos en comparación con el tipo silvestre.
La incubación de preadipocitos no diferenciados Agpat2-/- y tipo silvestre con ácido
palmítico, mostró similares niveles de muerte celular causada por lipotoxicidad. Sin embargo,
cuando adipocitos pardos diferenciados in vitro fueron expuestos a ácido palmítico, los cultivos
Agpat2-/- presentaron niveles de muerte celular significativamente mayores, cuantificada por
cuatro técnicas distintas y complementarias, en comparación con el tipo silvestre, indicado que
la carencia de AGPAT2 determina mayor susceptibilidad de los adipocitos a muerte por
lipotoxicidad.
Tomados en su conjunto, los resultados de esta tesis indican que AGPAT2 es esencial
para la diferenciación adiposa parda, determinando perfiles transcripcionales anormales y que
los adipocitos diferenciados carentes de esta enzima son más sensibles a altos niveles de ácidos
grasos saturados presentes en los ratones Agpat2-/- después de nacer.
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Abstract
1-acylglycerol-3-phosphate O-acyltransferase-2 (AGPAT2) is an enzyme that
participates in the synthesis of triacylglycerols and glycerophospholipids. In the differentiation
of adipocytes (adipogenesis) the storage of lipids in lipid droplets of adipocytes plays a
fundamental role. Mutations in the gene coding for this enzyme generate generalized congenital
lipodystrophy, a disease characterized by severe reduction of white and brown adipose tissue,
as well as severe metabolic complications. Mice deficient for AGPAT2 (Agpat2-/-) are born with
brown adipose tissue of morphology and abundance similar to that of normal mice, however,
this tissue degenerates completely during the first 6 days after birth. The causes of this
phenomenon are currently unknown. The hypothesis of this thesis is that brown adipocytes of
Agpat2-/- mice have transcriptional abnormalities that determine defective adipogenesis and
greater susceptibility to lipotoxic cell death.
To evaluate this hypothesis, brown preadipocytes from the interscapular adipose tissue
of Agpat2-/- and wild type mice were differentiated adipogenically in cell culture and compared
in various morphological and molecular parameters. Differentiated preadipocyte cultures
Agpat2-/- showed a lower proportion of lipid-laden cells throughout the differentiation and a
decreased expression of the pro-adipogenic transcriptional regulators PPARy, PPARα, C/EBPα
and PGC1α. Importantly, the transcription factors PRDM16 and C/EBPβ, previously identified
as mediators of brown adipogenic differentiation, had normal levels in the Agpat2-/- brown
adipocytes differentiated in vitro. Accordingly, the UCP1 protein, a specific marker of mature
brown adipocyte, remained undetectable in the differentiated Agpat2-/- adipocytes. On the
contrary, their levels were strongly induced in Agpat2+/+ differentiated adipocytes in vitro.
Ultrastructural analysis of the differentiated adipocytes showed that the mitochondria of the
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differentiated Agpat2-/- adipocytes have notoriously altered morphology and are not physically
associated with lipid droplets, unlike what happens in differentiated Agpat2+/+ adipocytes. The
overall transcriptome analysis of adipocytes differentiated in vitro showed significant
divergence in the abundance of mRNA encoded by several groups of genes. These include,
lower expression of genes related to the accumulation of lipids and mitochondrial structure and
function, and greater expression of genes stimulated by interferon. These results were
independently verified by qRT-PCR analysis.
Additionally, differentiated Agpat2-/- adipocyte cultures have lower levels of Elovl3 and
mitoNEET, both previously identified as regulators of differentiation and adipose function.
Importantly, forced overexpression of these by means of adenoviral vectors did not normalize
the accumulation of lipid droplets in differentiated Agpat2-/- adipocytes.
Finally, to evaluate the increased susceptibility to cell death by lipotoxicity in
differentiated Agpat2-/- adipocytes, the concentration and composition of fatty acids in the
plasma of newborn Agpat2-/- mice were quantified in comparison with wild type mice of the
same age, showing a marked increase of all classes of fatty acids, particularly saturated and
monounsaturated, from the second postnatal day. Among the first ones, palmitic acid stood out,
where concentration was ~5 times higher in the newborn Agpat2-/- mice compared with the
Agpat2+/+.
The incubation of Agpat2-/- and Agpat2+/+ preadipocytes with palmitic acid, showed
similar levels of cell death caused by lipotoxicity. However, when adipocytes differentiated in
vitro were exposed to palmitic acid, Agpat2-/- cultures had significantly higher cell death levels
compared to wild type.
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Taken as a whole, the results of this thesis indicate that AGPAT2 is essential for brown
adipose differentiation, determining abnormal transcriptional profiles and that differentiated
adipocytes lacking this enzyme are more sensitive to high levels of saturated fatty acids present
in Agpat2-/- mice after birth.
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1. Introduction.
Congenital generalized lipodystrophy (CGL) is a disease characterized by severe
lipoatrophy, insulin resistance, diabetes and hepatic steatosis. The commonest cause of CGL are
mutations in 1-acylglycerol-3-phosphate O-acyltransferase-2 (AGPAT2), which catalyzes the
conversion of lysophosphatidic acid (LPA) into phosphatidic acid (PA) in the de novo synthesis
of the glycerolipid pathway. People with mutations in AGPAT2 have almost complete absence
of functional adipose tissue and the mice lacking Agpat2, completely recapitulates this
phenotype (Garg, 2004; Cortés et al., 2009).
Interestingly, Agpat2-/- mice have morphologically near-normal adipose tissue, including
interscapular brown adipose tissue (iBAT), at the time of birth. Notably, whole body adipose
tissue completely degenerates during the first 6 days after birth, as a result of adipocyte death
and infiltration of inflammatory cells (Cautivo et al., 2016). The causes and mechanisms of this
severe and selective tissue destruction are currently unknown; however, lipotoxic cell death is
a plausible mechanism.
In previous work of our laboratory, it was found that the absence of AGPAT2 in
differentiated mouse embryonic fibroblasts (Cautivo et al., 2016) and preadipocytes
differentiated to white adipocytes (Fernández-Galilea et al., 2015) results in failed adipogenesis.
Therefore, impaired brown adipose adipogenesis might also be implicated in the loss of iBAT
in Agpat2-/- mice.
Adipogenesis proceeds by the coordinated action of multiple transcriptional regulators,
some of them promoting the expression of genes important for lipid accretion, lipid droplet (LD)
formation and function and secretion of key protein products (adipokines), whereas others

18

prevent the expression of genes implicated in the maintenance of stemness or the commitment
into non-adipose phenotypes (Rauch et al., 2019). In particular, brown adipogenesis involves
the repression of genes implicated in both white adipocyte and skeletal muscle differentiation
and the expression of genes implicated in mitochondrial biogenesis and function (Shapira et al.,
2019). In these latter group highlights uncoupling protein 1 (Ucp1), since its expression is a
specific bona fide marker of brown adipocyte phenotype. Important for the interpretation of the
findings of this thesis, it was recently described that genes involved in the innate immune
response, specifically the Type I interferon (IFN) response genes (Ifi44, Oas2, Oasl2, Rsad2,
among others) are implicated in adipogenesis regulation (Kissig et al., 2017; Liu et al., 2019).
In this thesis we aimed to progress in the understanding of the cellular and molecular
causes of lipodystrophy in AGPAT2 (Agpat2-/-) deficient mice. For this, we worked on a model
of in vitro brown adipocyte differentiation starting from precursor cells harvested from the
interscapular iBAT of these animals.
To contextualize the work developed in this thesis, in the following sections will be
adres general aspects of generalized congenital lipodystrophy caused by AGPAT2, the origin
and function of brown adipose tissue and adipogenesis and its regulation.
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1.1. Congenital generalized lipodystrophy and lipotoxicity as a possible mechanism for
adipose tissue destruction in AGPAT2 deficient mice.
Lipodystrophies are heterogeneous disorders, inherited or acquired, characterized by the
pathological loss of body adipose tissue (Agarwal et al., 2003; Garg, 2004). Whereas some
patients have fat loss restricted to specific anatomic areas (partial lipodystrophy), others have
compromised whole body adiposity (generalized lipodystrophy). The extent of fat loss
determines the severity of associated complications, that in cases of generalized lipodystrophies
include

metabolic

abnormalities

such

as

insulin

resistance,

diabetes

mellitus,

hypertriglyceridemia, hypercholesterolemia, hepatic steatosis, polycystic ovary, female
infertility and acanthosis nigricans (Garg, 2011).
Genetic lipodystrophies can be classified as autosomal recessive or autosomal dominant
based on inheritance patterns (Agarwal et al., 2003). Congenital generalized lipodystrophy
(CGL) was originally described by Berardinelli (Berardinelli, 1954) and Seip (Seip, 1959) and
is a very infrequent autosomal recessive disease characterized by severe lipoatrophy in the
whole body, insulin resistance and various endocrine abnormalities (Table 1). Characteristically,
lipoatrophy is present since birth and dyslipidemia and diabetes are detectable at early childhood
(Garg, 2004; Cortés et al., 2015). The commonest cause of CGL are mutations in AGPAT2
(CGL1) that encodes 1-acylglycerol-3-phosphate O-acyltransferase-2 (Agarwal et al., 2002).
Less frequent causes include mutations in BSCL2 (CGL2), encoding SEIPIN, a large ER
membrane protein important for lipid droplets maturation (Magré et al., 2001), CAV1 (CGL3),
encoding Caveolin-1, a protein involved in caveolae formation and cholesterol and fatty acid
cellular trafficking (Kim et al., 2008), and PTRF (CGL4), encoding Cavin-1, also essential for
caveolin formation (Hayashi et al., 2009) (Figure 1).
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Subtype (gene)

Key clinical features

Molecular basis/other comments CGL1
AGPATs are key enzymes required for
triglyceride and phospholipids biosynthesis.
AGPATs acylate lysophosphatidic acid to
form phosphatidic acid. AGPAT2 is highly
expressed in adipose tissue.

CGL1 (AGPAT2 )

Lack of metabolically active
adipose tissue since birth

CGL2 (BSCL2 )

Lack of both metabolically
BSCL2 encodes seipin, which may play a
active and mechanical adipose
role in fusion of small lipid droplets and in
tissue since birth, mild mental
adipocyte differentiation.
retardation, cardiomyopathy

CGL3 (CAV1 )

Caveolin 1 is an integral component of
Single patient with extreme lack caveolae, present in abundance on
of body fat, short stature, and
adipocyte membranes. Caveolin 1 binds
vitamin D resistance
fatty acids and translocates them to lipid
droplets.

CGL4 (PTRF )

Extreme lack of body fat,
congenital myopathy, pyloric
stenosis, and cardiomyopathy

PTRF (also known as cavin) is involved in
biogenesis of caveolae and regulates
expression of caveolins 1 and 3.

TABLE 1. Classification, clinical features, and molecular bases of congenital generalized
lipodystrophy (CGL) syndromes. Modified from Garg, 2011; Cortés et al., 2015.

21

AGPAT2 is located on chromosome 9q34 (Garg et al., 1999; Agarwal et al., 2002) and
encode a 278 amino acid enzyme that belongs to a family composed for another 10 acyl
transferases. All isoforms are encoded by a different gene and have been detected in the ER
membrane (Garg et al., 2009; Agarwal et al., 2010). All AGPATs catalyzes the second step in
de novo glycerolipid synthesis pathway, acylating LPA (1-acylglycerol-3-phosphate) in the sn2 position to form PA (1,2-diacylglycerol-3-phosphate) (Figure 1). All AGPATs belong to a
larger family of acyltransferases that have four conserved motifs. Motif I has a catalytic role
and the motifs II, III and IV are important for the binding of the substrate (Yamashita et al.,
2014). Different substrate preferences and tissue specific expression patterns have been
described for the AGPAT isoforms; it is believed that these two facts explain the diverging
functional and pathological consequences resulting from the lack of the different AGPATs
(Agarwal, 2012). AGPAT2 is highly expressed in adipocytes and is the only AGPAT isoform
whose gene deletion results in generalized lipodystrophy in mouse models (Cortés et al., 2009).
Knockdown of AGPAT2 in Chinese hamster ovary-K1 (CHO) impairs adipogenic
differentiation, resulting in lower triglycerides accumulation, decreased levels of
CCAAT/enhancer-binding protein beta (C/EBPβ) and peroxisome proliferator-activated
receptor gamma (PPARγ) and increased levels of PA (Gale et al., 2006). Similar results were
obtained in studies of adipogenic differentiation of muscle-derived multipotent cells of patients
with AGPAT2 mutations (Tsukahara et al., 2010; Subauste et al., 2012).
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FIGURE 1: Gene products implicated in lipodystrophy and lipid droplet formation in
adipocytes. The biogenesis of lipid droplets (LD) is not completely understood but is believed
that form as budding vesicles of endoplasmic reticulum membrane. Nascent LDs subsequently
fused each other to form larger LDs in mature adipocytes Many proteins, such as Seipin are
present on the lipid droplet membrane. Caveolae are formed from lipid rafts on the cell surface,
which include cholesterol, glycosphingolipids and Caveolin-1. Endocytosis of caveolae forms
Caveolin vesicles that might directly merge with lipid droplets and translocate fatty acids to the
lipid droplets. Acylation of glycerol‑3‑phosphate with fatty acyl coenzyme A (FA‑CoA) at the
sn‑1 position is catalyzed by glycerol‑3‑phosphate acyltransferases (GPATs), resulting in the
formation of 1‑acylglycerol‑3‑phosphate or lysophosphatidic acid (LPA). LPA is then acylated
at the sn‑2 position by 1‑acyl‑sn‑glycerol‑3‑phosphate acyltransferases (AGPATs) to yield
phosphatidic acid (PA). Removal of a phosphate group from PA by PA phosphatases (PAPs)
produces diacylglycerol (DAG). Further acylation of DAG at the sn‑3 position by diacylglycerol
acyltransferases (DGATs) finally produces triglyceride. Modified from Patni et al., 2015.
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Agpat2-/- mice present a total deficiency of adipose tissue, including WAT and BAT, and
severe insulin resistance, diabetes mellitus, dyslipidemia and hepatic steatosis (Cortés et al.,
2009). Importantly, in spite of the generalized lipodystrophy of Agpat2-/- mice during adulthood,
these animals are born with near normal WAT and BAT mass that is lost in the first week of life
due to the massive adipocyte death and inflammatory infiltration (Cautivo et al., 2016).
In previous work our laboratory showed that adipogenically differentiated mouse
embryonic fibroblasts (MEFs) derived from Agpat2-/- mice have decreased levels of PPARγ and
other mature adipocyte markers, in association with increased PA content (Cautivo et al., 2016).
Importantly, in this experimental model, forced expression of PPARγ by recombinant
adenovirus transduction only partially restored LD abundance in Agpat2-/- cells (Cautivo et al.,
2016), indicating that the absence of AGPAT2 affects adipogenic differentiation on several
levels, likely upstream to PPARγ.
The causes of the adipose tissue destruction in the newborn Agpat2-/- mice are unknown,
however, increased circulating lipids generated by the inability to store lipids and the intake of
milk after birth could promote adipocytes death by lipotoxic mechanisms (Liang et al., 2016)
Excessive accumulation of lipids in non-adipose tissues such as liver, skeletal muscle,
pancreas and arteries has been associated with cellular toxicity and insulin resistance in patients
with obesity and diabetes (Brookheart et al., 2009). Concordantly, experimental models of
ectopic lipid build up develop insulin resistance and dyslipidemia (Shimabukuro et al., 1998;
Goh et al., 2007; Zhou et al., 2019). This pathophysiological mechanism is proposed underlying
cause of insulin resistance in obesity as well as lipodystrophy (Unger, 1995; Krssak et al., 1999;
Perseghin et al., 1999; Szczepaniak et al., 1999; Simha et al., 2003; Brookheart et al., 2009).
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In addition, the lack of adipose tissue in lipodystrophic patients and animal models
determines leptin deficiency that, in turn, results in hyperphagia, insulin resistance and
decreased fatty acid oxidation in skeletal muscle and liver. Combined, these abnormalities lead
to a mismatch between lipid intake and the capacity deposit lipids in adipocytes (because of the
intrinsic adipose tissue deficiency in lipodystrophy). At the end, this global mismatching
between lipid intake and disposition-oxidation is thought to be the main driver of the ectopic
accumulation of lipids in myocytes, hepatocytes and β-cells of the pancreatic islets in
lipodystrophy (Unger, 2002, 2010).
Among the lipid species quantified in tissues of patients and animal models of
lipotoxicity, highlight saturated fatty acids, particularly palmitic acid (C16:0) (Maedler et al.,
2001). Importantly, incubation of different cell types with high concentrations of C16:0 result
in cell death (de Vries et al., 1997; Paumen et al., 1997). Interestingly, co-treatment with
unsaturated fatty acids markedly reduces C16:0 lipotoxicity (Listenberger et al., 2003; Maedler
et al., 2003).
The mechanisms of lipotoxic cell death are multiple and include oxidative stress,
mitochondrial dysfunction (Yang et al., 2014; Tsushima et al., 2018) and excessive endoplasmic
reticulum (ER) stress (Rius et al., 2017; Zou et al., 2017), all can ultimately lead to cell death,
mostly by apoptotic mechanisms. Additionally, C16:0 is the biosynthetic precursor of ceramides
and sphingolipids, including sphingomyelin and gangliosides. Ceramide levels are increased in
cultured cells exposed to excessive palmitate (Shimabukuro et al., 1998; Listenberger et al.,
2001) as well as in the liver and muscle of insulin resistant patients (Adams et al., 2004) and
obese (Sajan et al., 2015) and lipodystrophic (Sankella et al., 2017) mice.
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Ceramides induces cell death due to mitochondrial dysfunction, oxidative stress and
caspase activation (Law et al., 2018; Walls et al., 2018) and impairs insulin signaling by
activating atypical protein kinase C (aPKC)-dependent (Chavez et al., 2012; Sajan et al., 2015)
and double-stranded RNA-dependent kinase (PKR) (Ussher et al., 2010) pathways. Importantly,
experimental reduction of ceramide content improves insulin sensitivity in different animal
models of obesity and diabetes (Ussher et al., 2010; Holland et al., 2011; Raichur et al., 2019).
3T3-L1 cells differentiated to adipocytes and treated with C16:0 show increased
autophagic flow, ER stress and decreased cell viability (Yin et al., 2015). Similarly, exogenous
administration of ceramides to this cell line decreases the abundance of adipogenic markers
C/EBPβ and PPARγ and inhibits adipogenesis (Ordoñez et al., 2017, 2018). In brown
adipocytes, C16:0 decreases glucose transport (Teruel et al., 2001), inhibits the induction of
thermogenic genes by forskolin (Chaurasia et al., 2016) and prevents browning of beige
adipocytes (Jiang et al., 2015).
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1.2. General concepts on adipose tissue biology.
White adipose tissue (WAT) mainly stores large amount of lipids as a buffer for energy
supply during fasting and secrete a vast number of protein products with hormone function
(adipokines). By contrast, the main physiological function of brown adipose tissue (BAT) is the
dissipation of energy in the form of heat, for thermoregulatory purposes. Brite/beige adipose
tissue is an additional class that has been more recently characterized (Tapia et al., 2018). Heat
production by BAT results in non-shivering thermogenesis and requires the action of UCP1 in
the inner mitochondrial membrane (IMM) of brown adipocytes. UCP1 (also referred as
“thermogenin”) decouples the oxidation of metabolic substrates and proton electrochemical
gradient across IMM from the synthesis of ATP, dissipating metabolic energy in the form of
heat. The thermogenic capability of BAT is required for the adaptation to cold, particularly in
small mammals including rodents and new born humans (Cannon et al., 2004). By contrast, the
physiological relevance of BAT in adult humans remain controversial, although it is thought to
be a therapeutic target for obesity, by means of favoring a negative energy balance (Tapia et al.,
2018).
In mice and newborn humans, BAT is a well-defined anatomical structure, mostly
located in the interscapular space and composed by cells laden with multiple middle-sized lipid
droplets (multilocular adipocytes) and that have abundant UCP1-expressing mitochondria
(Figure 2). iBAT has been known for a long time (Aherne et al., 1966; Merklin, 1974) and is
englobed by a layer of WAT. This tissue is fully developed and functional at the time of birth
in mice and humans (Cannon et al., 2004). By contrast, in mice WAT mass is minimal at birth
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FIGURE 2: Brown, white and brite/beige adipocytes. There are three types of adipocyte:
brown, white and beige. Brown adipocytes in brown adipose tissue (BAT) are characterized by
the presence of multilocular lipid droplets and densely packed mitochondria containing
uncoupling protein 1(UCP1). White adipocytes in white adipose tissue (WAT) are characterized
by the presence of unilocular lipid droplets and few mitochondria that are devoid of UCP1.
Beige adipocytes are found in various WAT depots and are especially prominent in the
subcutaneous inguinal WAT. Beige fat cells develop in response to cold and certain other
stimuli. Like brown adipocytes, beige cells have multilocular lipid droplets and densely packed
UCP1-positive mitochondria. Modified from Wang et al., 2016.
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but is substantially increased by both hypertrophic and hyperplastic mechanisms during the first
days of postnatal life (Wang et al., 2013). Importantly, iBAT persists as an anatomical entity in
adult mice but disappears in humans as they age (Heaton, 1972). “Brite" (brown in white)
adipose tissue refers to clusters of multilocular UCP1-expressing adipocytes included in a larger
mass of otherwise classical WAT (Figure 2). Brite adipocytes have thermogenic capacity and
are the exclusive form of BAT in adult humans (Shinoda et al., 2015). Importantly, brite
adipocytes are only apparent in studies using cold or β-adrenergic pharmacological stimulation,
illustrating the sparse mass of this tissue in vivo (Cousin et al., 1992). Subsequent
characterizations have shown that brite adipocytes express specific molecular markers that are
absent in classical iBAT and WAT (Petrovic et al., 2010).
In mice, the main non-shivering thermogenic capacity roots in classical iBAT
(Kalinovich et al., 2017) although they also have metabolically active brite adipose tissue (Wu
et al., 2012). In adult humans, metabolically active deposits of BAT are present in the neck and
supraclavicular areas, as indicated by 18F-fluorodeoxyglucose (18F-FDG) by positron emission
tomography (PET)-based studies (Cypess et al., 2009; van Marken et al., 2009; Virtanen et al.,
2009). The thermogenic potential of BAT in adult humans is formally unknown but it is
predicted to be small, given the small total mass of this tissue reported in most studies (~300 g)
(Tapia et al., 2018).
The main physiological thermogenic activator of BAT is cold. Low body temperature
triggers sympathetic nervous system (SNS) activation and norepinephrine (NE) release (Cottle
et al., 1967). NE binds to β-adrenergic receptors – that in mice mostly correspond to β3 but that
in humans are both β2 and β3 receptors (Nahmias et al., 1991; Krief et al., 1993; Susulic et al.,
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1995; Grujic et al., 1997) –, increasing cyclic adenosine monophosphate (cAMP) levels via
adenylate cyclase (AC) activation in brown adipocytes (Arch et al., 1984; Granneman, 1988).
This allows the activation of cAMP-dependent protein kinase (PKA) (Fredriksson et al., 2001)
that phosphorylates and activates cAMP response element-binding (CREB) (Chaudhry et al.,
1999). Along with CREB, the activation of p38 mitogen-activated protein kinases (p38 MAPK)
has also been described, leading to phosphorylation of activating transcription factor 2 (ATF2)
and peroxisome proliferative activated receptor, gamma, coactivator 1 alpha (PGC1α), thus
allowing its binding, together with PPARγ and retinoid X receptor alpha (RXRα), to UCP1
promoter and thus increasing UCP1 protein levels. ATF2 also increases PGC1α levels, further
promoting adrenergic-mediated BAT thermogenesis (Cao et al., 2001, 2004). In parallel,
increased cAMP levels and activated PKA induces the lipolytic release of free fatty acids from
lipid droplets triglycerides (Zechner et al., 2009). These fatty acids are imported and oxidized
in the mitochondria to generate reductive equivalents that ultimately fuel mitochondrial H+
electrochemical gradient that allows UCP1-dependent thermogenesis (Bertholet et al., 2017)
(Figure 3).
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FIGURE 3: β-adrenergic receptors coordinate triglyceride lipolysis, mitochondrial fatty
acid oxidation and uncoupling protein 1 (UCP1) abundance and function in brown
adipocytes. Sympathetic stimulation of interscapular brown adipose tissue (iBAT) is the main
physiological mechanism for regulating non-shivering thermogenesis in response to cold
exposure. After norepinephrine (NE) binding, β-adrenoceptor (BAR) activates adenylyl cyclase
(AC) and increases cyclic AMP (cAMP) intracellular concentration through protein Gsdependent mechanisms. cAMP binds to protein kinase A (PKA) and promotes the
phosphorylation of direct PKA target proteins. These include perilipin 1, a structural protein
present on the lipid droplet (LD) surface and hormone-sensitive lipase (HSL), a required enzyme
for LD triglyceride (TAG) lipolysis. In its non-phosphorylated state, perilipin 1 prevents the
interaction between HSL as well as other lipases adipose triglyceride lipase (ATGL) and
monoacylglycerol lipase (MGL) with the LD. Phosphorylated perilipin1 allows the physical
interaction between these lipolytic enzymes and the LD. In parallel, PKA-mediated
phosphorylation of HSL triggers the translocation of this enzyme from the cytoplasm to the LD
to mediate hydrolysis of sn-2,3 diacylglycerols (DAG). The resulting monoacylglycerols
(MAG) are finally deacylated by MGL. The released fatty acids (FAs) are imported to the
mitochondria where they are oxidized to acetyl-coenzyme A (acetyl Co-A) and ultimately fuel
the oxidative phosphorylation of ADP to ATP. Adrenergic stimulation also increases the
abundance of uncoupling protein 1 (UCP1) in the inner mitochondrial membrane (IMM) by
transcriptional mechanisms that also depend on cAMP levels and PKA activation. PKA
promotes the phosphorylation of cAMP response element-binding (CREB) allowing its binding
to regions of the Ucp1 promoter, and also phosphorylates p38 mitogen-activated protein kinases
(p38 MAPK), leading to phosphorylation of activating transcription factor 2 (ATF2) allowing
its binding to regions of the Pgc1a promoter. PGC1α together with the peroxisome proliferatoractivated receptor gamma (PPARγ) and retinoid X receptor alpha (RXRα), to UCP1 promoter,
thus increasing UCP1 protein levels. This results in the dissipation of the electrochemical H+
gradient across the inner mitochondrial membrane (IMM) and heat generation. Modified from
Tapia et al., 2018.
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1.3. Regulation of brown adipogenesis.
Adipocyte development (adipogenesis) is currently understood as a two phases process.
In the first step, pluripotential cells are committed to a linage with differentiation potential
mostly restricted to adipocytes, denominated “preadipocytes”. These cells have no lipid
accumulation and preserve phenotypic features of mesenchymal stem cells, fusiform shape and
elevated adherence to plastic dishes. Experimentally, preadipocytes can be recovered from the
“stromal vascular fraction” (SVF) that is generated after the disaggregation and fractionation of
adipose tissue.
In the following step, adipogenic differentiation results in the conversion of
preadipocytes to mature adipocytes. This process has been extensively studied in vitro, and
several pro- and anti-adipogenic regulators are currently identified (Inagaki et al., 2016). The
physiological relevance for the in vivo adipose tissue formation, growth and functioning has
been confirmed for some of these factors, as explained in the following sections.
In the following sections, I detail the main processes and regulators of brown adipocytes
differentiation that are relevant for the understanding of this thesis. Other aspects of BAT, such
as its impact on human health, as well as its secretory activities, are not treated here but can be
addressed in my review article "Biology and pathological implications of brown adipose tissue:
promises and caveats for the control of obesity and its associated complications" (Tapia et al.,
2018).
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1.3.1. Brown adipose cell fate commitment.
In mouse, iBAT develops from the central dermomyotome, a dorsal epithelial cell layer
of the somite located immediately under the ectoderm, and that also give rise to the epaxial
skeletal muscle (Tapia et al., 2018). This was discovered after monitoring gene expression of
transcription factor homeobox protein Engrailed-1 (EN1) in transgenic mice expressing beta
galactosidase (β-Gal) upon the transcriptional control of En1 promoter (Atit et al., 2006). Dorsal
dermomyotome En1-expressing cells are detectable at embryonic stages E8.5-E9.5 and give rise
to iBAT brown adipocytes at day E10.5 as well as to muscle cells at stage E16.5 (Atit et al.,
2006). Also, gene fate mapping studies using β-Gal upon the transcriptional control of paired
box 7 (PAX7) promoter, determined that Pax7-expressing cells in E9.5 give rise to iBAT as
well as skeletal muscle myocytes and part of the dermis in the adult mice (Lepper et al., 2010).
Although precursor cells that give rise to iBAT and muscle are different from those
exclusively committed to muscle cells (Pax7-expressing cells at E12.5) (Lepper et al., 2010),
these two precursor cells share a large number of molecular markers. Importantly, these
similarities are lost as myogenic and adipogenic programs progress (Timmons et al., 2007). An
exception is myogenic factor 5 (MYF5), that remains expressed in both skeletal muscle and
iBAT until adulthood in mice (Seale et al., 2008).
Based on the above findings, the current paradigm is that classical brown adipocytes and
myocytes of epaxial skeletal muscle have a common cellular origin that is different from the
one of white adipocytes. Importantly, in spite of the morphological, molecular and functional
similitudes between beige/brite and classical brown adipocytes, the former lack Myf5
expression, as well as other iBAT molecular markers, including early B-cell factor 3 (EBF3),
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epithelial V-like antigen 1 (EVA1) and F-box only protein 31 (FBXO31), suggesting that
classical brown adipocytes have a different cellular origin than beige/brite adipocytes (Wu et
al., 2012).
Several transcription factors have been described to positively or negatively regulate
brown preadipocytes commitment to mature brown adipocytes (Figure 4).
PRD1-BF1-RIZ1 homologous domain containing 16 (PRDM16) is a “molecular switch”
that facilitates the expression of genes required for brown adipocyte phenotype while blocks the
expression of those that determine white adipocyte phenotype (Seale et al., 2007). In fact,
PRDM16 is highly enriched in brown adipose cells in comparison with white adipocytes, and
its ectopic expression in cell lines, prior to adipogenic induction, leads to the expression of
markers of mature brown adipocytes such as UCP1, as well as mitochondrial biogenesis and
increased cellular respiration (Seale et al., 2007). PRDM16 also suppresses myogenic program
by a mechanism that requires euchromatic histone methyltransferase 1 (EHMT1) (Ohno et al.,
2013) and ZFP516 (Dempersmier et al., 2015) in vivo.
B cell factor 2 (EBF2) is a highly expressed gene in BAT cells and its activation results
in a brown adipocyte morphology and UCP1 gene expression (Rajakumari et al., 2013). EBF2
is found in Myf5+ brown adipocytes, but not in muscle and dermal cells of the anterior dorsal
region at E14.5 (Wang et al., 2014). Myf5- and Ebf2+ cells, isolated from the SVF of inguinal
fat of mice and exposed to cold differentiate into cells expressing brown adipocyte markers and,
concordantly, Ebf2-/- mice fail to express UCP1 in inguinal white adipose tissue after cold
exposure, indicating a possible participation of EBF2 in beige/brite adipocyte differentiation in
vivo (Atit et al., 2006; Wang et al., 2014).

35

Additional proteins have also been described as participants in the adipose versus muscle
differentiation, highlighting Ewing Sarcoma (EWS) that interacts with the transcription factor
Y-Box Binding Protein (YBX1) and promotes the expression of bone morphogenetic protein 7
(BMP7) (Park et al., 2013).
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1.3.2. Brown adipocyte differentiation: classical and novel regulators with potential
importance for AGPAT2-dependent lipodystrophy.
PPARγ is a key transcriptional regulator of adipogenesis, is absolutely required for
adipogenic differentiation in vivo and in vitro (Barak et al., 1999; Rosen et al., 1999). PPARγ
cooperates with CCAAT/enhancer binding protein alpha (C/EBPα) to regulate specific
adipocyte genes (Madsen et al., 2014). Importantly, PPARγ and C/EBPα participate in later
phases of adipogenesis. In the "first phase", pro-adipogenic factors CCAAT/enhancer binding
protein delta (C/EBPδ) and C/EBPβ are induced. This latter is expressed at higher levels in BAT
than in WAT, and is strongly induced by cold in iBAT (Kajimura et al., 2009). C/EBPβ is the
main target of many transcriptional and epigenetic regulators during brown adipocyte
differentiation. One of these is placenta-specific gene 8 protein (PLAC8), which directly binds
to C/EBPβ regulatory region, activating its transcription and promoting brown adipogenesis
(Jimenez-Preitner et al., 2011).
PRDM16 forms a transcriptional complex with C/EBPβ and PPARγ to promotes brown
adipogenesis (Seale et al., 2007; Kajimura et al., 2009). In addition, PRDM16 establishes
enhancer-promoter contacts with genes such as peroxisome proliferator-activated receptor alpha
(Ppara) and Pgc1a to activate mitochondrial biogenesis and UCP1 expression (Harms et al.,
2014; Iida et al., 2015).
Members of the EBF family are also recognized regulators of brown adipogenesis.
Ectopic expression of EBF1, EBF2 or EBF3 is sufficient to induce adipogenesis in fibroblasts
(Akerblad et al., 2002; Jimenez et al., 2007) by recruiting PPARγ to regulatory regions of
selected brown adipocyte-specific genes (Rajakumari et al., 2013).
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PGC1α was first discovered interacting with PPARγ in brown adipocytes and its
expression is highly induced by exposure to cold (Puigserver et al., 1998). PGC1α activates
nuclear respiratory factors (NRF) 1 and 2 to activate a transcriptional program that drives
mitochondria biogenesis. PGC1α also co-activates nuclear hormone receptors PPARα and
estrogen-related receptors (ERR) α/β/γ, to increase the transcription of brown adipocyte marker
genes. PPARα is a nuclear receptor that regulates lipid metabolism by promoting β-oxidation of
fatty acids in mitochondria and peroxisomes (Figure 4).
Ppara gene expression is regulated by EBF2, PRDM16, PPARγ and C/EBPβ, and can
directly activate Ucp1 transcription (Hondares et al., 2011). Interestingly, mice lacking PPARα
specifically in brown adipocytes have normal levels of UCP1 and survives to cold stress,
indicating that this nuclear receptor is not absolutely required for Ucp1 expression (Lasar et al.,
2018).
Several proteins have been identified as molecular markers of brown adipocyte cell
identity, since are almost exclusively expressed in brown and beige adipocytes (Inagaki et al.,
2016). Besides UCP1, highlight cell death-inducing DNA fragmentation factor effector a
(CIDEA), important for lipid drop remodeling, iodothyronine deiodinase 2 (DIO2), a deiodinase
that converts thyroxine (T4) into the biologically active thyroid hormone triiodothyronine (T3)
and elongation of very long chain fatty acids (ELOVL3), a fatty acid elongase that generates
very long chain fatty acids (Shapira et al., 2019).
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FIGURE 4: Transcriptional regulation of brown adipogenesis. Classical brown adipocytes
reside in the interscapular adipose tissue of rodents and newborn humans. They derive from
mesenchymal precursors that express myogenic factor 5 (MYF5) and that also generate skeletal
muscle myocytes. Adipogenic stimuli favor the conversion of these undifferentiated precursors
to committed preadipocytes that progressively transform into fully differentiated brown
adipocytes upon the transcriptional control of several regulatory proteins and microRNAs
(miRNAs) (not shown for simplicity). Peroxisome proliferator-activated receptor γ (PPARγ) is
necessary but not sufficient for brown adipogenesis. PRD1-BF-1RIZ1 homologous-containing
protein 16 (PRDM16) is a co-regulatory factor that interacts with other proteins to assemble
transcriptional complexes that coordinate to suppress WAT and activate BAT adipogenesis.
BMP7: bone morphogenetic protein 7; C/EBP: CCAAT/enhancer binding protein; CtBPs: Cterminal binding proteins; EHMT1: euchromatic histone lysine methyltransferase 1; EN1:
Engrailed homeobox 1; EWS: Ewing sarcoma; PAX7: Paired box 7; PGC1α: PPARG
coactivator 1 alpha; PLAC8: placenta-specific gene 8 protein; RXR: Retinoid X receptor; TLE3:
Transducin like enhancer of split 3; YBX1: Y-Box binding protein 1; zinc finger protein 516:
ZFP516. Modified from Tapia et al., 2018.
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UCP1, also known as SLC25A7, was discovered in 1976 (Nicholls, 1976). Mitochondria
of brown adipocytes characteristically have large amounts of UCP1 in their IMM, where it
dissipates the proton gradient generated by the electron transport chain system, releasing heat at
the expense of decreasing ATP synthesis. Ucp1 gene has regulatory regions with CREB-binding
sites that mediates positive transcriptional response to cAMP and negative to c-Jun/c-Fos
complexes (Kozak et al., 1994; Yubero et al., 1998). Recently, it was showed that transcription
factor ZFP516 binds to a proximal region of the Ucp1 gene, playing a key role in the response
to cold (Dempersmier et al., 2015). Also, the proximal region of Ucp1 gene, has a strong
enhancer region that contains a cluster of response elements for nuclear hormone receptors that
bind PPARα/RXR, PPARγ/RXR, retinoic acid receptor (RAR)/RXR and thyroid receptor
(TR)/RXR, providing response to PPARα and PPARγ activators (Villarroya et al., 2017).
Elovl3 participates in the synthesis of saturated and monounsaturated fatty acids of up
to 24 carbons. iBAT is the tissue with the highest Elovl3 abundance and its tissue levels are
increased more than 200-fold in mice after cold exposure (Tvrdik et al., 1997). Elovl3 gene
expression is under the control of glucocorticoids, norepinephrine, and the three isoforms of
PPAR (α, β/δ and γ) (Guillou et al., 2010). Elovl3-/- mice have decreased adipose tissue mass
and lower liver fat content, indicating that Elovl3 is necessary for tissue triglycerides build up
(Zadravec et al., 2010).
More recently it was shown that transcriptional regulation of adipogenesis is also
regulated by innate immunity response genes, specifically type I interferon (IFN) pathways (Lee
et al., 2016; Kissig et al., 2017; Liu et al., 2019).
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FIGURE 5: Activation of ISGs. Absent in melanoma 2 (AIM2)-like receptors (ALRs), such
as interferon gamma inducible protein 16 (IFI16), DNA-dependent activator of interferon
regulatory factors (IRFs) (DAI), or AIM2, specialize in DNA detection, while retinoic acidinducible gene I (RIG-I) like receptors (RLR) -RIG-I and melanoma differentiation associated
gene 5 (MDA5)- are specialized in the detection of RNA. Cyclic GMP-AMP synthase (cGAS)
acts as an additional DNA sensor. 2-5-oligoadenylate synthetase (OAS) senses exogenous RNA
and produces 2-5 adenylic acid that activates latent RNase (RNaseL). The degradation products
produced by RNaseL stimulate RLRs. These signals activate factors activating the stimulator of
IFN genes (STING) and the mitochondrial antiviral-signaling protein (MAVS) at the
ER/mitochondrion-associated membrane, leading to the phosphorylation of interferon (IFN)
response factors 3 or 7 (IRF3/7). Phosphorylated dimers of IRF3/7 trigger IFN expression as
well as a subset of ISGs. IFN induces gene expression of the JAK-STAT pathway, resulting in
the expression of a large number of interferon-stimulated genes (ISGs) (antiviral effectors and
negative or positive regulators). IRF1 can also directly translocate to the nucleus and activate
ISGs. Several ISGs have been described as modulators of adipogenic differentiation, as well as
IFNα and IFNγ. In autoinflammatory diseases, mutated DNA or RNA recognition factors
(STING, MAVS, RIG-1 and MDA5) cause a spontaneous increase in transcription of type I
IFN-induced genes. Modified from Schneider et al., 2014.
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Type I interferons (IFNs) are encoded by a family of genes clustered in chromosome 9q
in humans and chromosome 4 in mice. There are 14 subtypes of IFNα, one subtype of IFNβ,
and single IFNε and an IFNω (Hertzog et al., 2013). All type I IFNs function to orchestrate the
cellular response to acute viral, bacterial and parasite infections (Schneider et al., 2014) (Figure
5). Exaggerated or dysregulated IFN respons, however, can lead to cell death and is the
underlying cause of some genetic autoinflammatory syndromes (Manthiram et al., 2017). IFNs
bind to cell surface receptors and signal through common heterodimeric receiver of low(IFNAR1) and high-affinity (IFNAR2) receiver components (de Weerd et al., 2012), triggering
a signaling cascade based on Janus kinase - signal transducer and activator of transcription
(JAK-STAT) pathways, which in turn regulate the transcription of hundreds of genes. Many
IFN-stimulated genes (ISGs), such as Jak2, Stat1/2 and Irf9, are expressed at basal levels but
their abundance is increased in response to IFNs (Ivashkiv et al., 2014; Schneider et al., 2014).
The role of type I INFs was noted in 3T3-L1 cells treated with IFN-α and then subjected
to adipogenic differentiation. These cells have lower accumulation of LDs and decreased levels
of adipogenic regulators (C/EBPβ, C/EBPα and PPARγ) and mature adipocyte markers fatty
acid binding protein 4 (FABP4), sterol regulatory element binding transcription factor 1
(SREBP-1c) and fatty acid synthase (FAS) (Lee et al., 2016).
More recent works have shown that type I IFN-response impairs both mitochondrial
biogenesis and thermogenesis during brown adipocyte differentiation by modulating PRDM16
transcriptional activity (Kissig et al., 2017). In fact, PRDM16 and IFN-activated pathways
antagonize each other to regulate ISGs Irf7, Ifi44, Mx2, Cxcl9, and Oas2, as well as brown
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adipocyte markers Ucp1, Cidea and Cox7a1. Importantly, PRDM16 deficiency determines
structural mitochondrial abnormalities in differentiated adipocytes (Kissig et al., 2017).
Interestingly, patients with some autoinflammatory syndromes such as Otulipenia and
proteasome-associated autoinflammatory syndromes (PRAAS)/Chronic Atypical Neutrophilic
Dermatosis with Lipodystrophy and Elevated Temperature (CANDLE), develop severe forms
of lipoatrophy, suggesting that dysregulated type I INFs pathways are implicated in human
impaired adipogenesis (Manthiram et al., 2017).

In summary, mutations in AGPAT2 in humans cause congenital generalized
lipodystrophy. The Agpat2-/- mice also have the absence of adipose tissue during its adulthood,
however, it is born with WAT and BAT, which are lost during the first week of life due to
massive death of the adipocytes and inflammatory infiltration (Cautivo et al., 2016).
The causes of the loss of BAT in the Agpat2-/- mice is currently unknown, however,
transcriptional problems caused by the absence of AGPAT2 in MEF differentiated to white
adipocytes (Cautivo et al., 2016) suggest that this phenomenon could be occurring in brown
adipocytes, playing a role key in the loss of BAT. Together with the above, the high levels of
circulating lipids in newborn animals could be contributing to tissue loss through lipotoxicdependent adipocyte death.
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Hypothesis and aims.
Hypothesis.
“Brown adipocytes of Agpat2-/- mice have transcriptional abnormalities that lead to impaired
adipogenesis and increased susceptibility to cell death by lipotoxic mechanisms”
Aims.
1. To characterize the transcriptional program of in vitro differentiated brown adipocytes
of Agpat2-/- mice.
2. To evaluate the adipogenic effect of overexpressing specific genes decreased in
differentiated brown adipocytes of Agpat2-/- mice.
3. To determine the susceptibility of differentiated brown adipocytes of Agpat2-/- mice to
lipotoxic cell death.
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3. Materials and methods.
3.1. Materials
3.1.1. Genotyping reagents.
Direct PCR Lysis Reagent (Viagen), Proteinase K (Merck Millipore), Phire Hot Start II
DNA Polymerase (Thermo Scientific), dNTP Mix 10 mM (Thermo Scientific), GeneRuler 100
bp DNA Ladder DNA (Thermo Scientific), Gel Loading Dye 6X (Thermo Scientific), SeaKem
LE Agarose (Lonza) and SYBR™ Safe DNA Gel Stain (Thermo Scientific).
3.1.2. Cell culture reagents.
DMEM/F-12 powder HEPES (Gibco), Antibiotic-Antimycotic (Thermo Scientific),
Fetal Bovine Serum (Gibco), Fetal Bovine Serum (Biowest), Trypsin-EDTA 0,25% phenol red
(Gibco), DMEM high glucose (Gibco), MEM Non-Essential Amino Acids Solution 100X
(Gibco) and L-Glutamine 200 mM (Gibco).
3.1.3. Reagents for cloning and generation of recombinant adenoviruses.
PureLink™ Quick Gel Extraction Kit (Invitrogen), pENTR™/D-TOPO™ Cloning Kit
with One Shot™ TOP10 Chemically Competent E. coli (Invitrogen), AxyPrep™ Plasmid
Midiprep Kit (Axygen), Lipofectamine™ 2000 Transfection Reagent (Invitrogen),
pAd/CMV/V5-DEST™ Gateway™ Vector Kit (Invitrogen), Gateway™ LR Clonase™ II
Enzyme mix (Invitrogen), Pac I (New England Biolabs), Asc I (New England Biolabs), Not I
HF (New England Biolabs), 293A Cell Line (Invitrogen), Cesium chloride (Merck) and
Sephadex G-25 in PD-10 Desalting Columns (General Electric).

45

3.1.4. Western blotting reagents.
RIPA Lysis and Extraction Buffer (Thermo Scientific), Halt™ Protease Inhibitor
Cocktail 100X (Thermo Scientific), Halt™ Phosphatase Inhibitor Cocktail 100X (Thermo
Scientific), 40% Acrylamide/Bis Solution 37,5:1 (Biorad), Ammonium Persulfate (Biorad),
Sodium Dodecyl Sulfate (Biorad), TEMED (Biorad), Lane Marker Reducing Sample Buffer
(Thermo Scientific), AccuRuler RGB Plus Pre-stained Protein Ladder (Maestrogen), ImmunBlot® PVDF Membrane (Biorad), Westar Sun (Cyanagen) and Westar Supernova (Cyanagen).
3.1.5. qRT-PCR reagents.
UltraPure™ DNase/RNase-Free Distilled Water (Invitrogen), TURBO DNA-free™ Kit
(Invitrogen), High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) and Fast
SYBR™ Green Master Mix (Applied Biosystems).
3.1.6. Other reagents.
Glutaraldehyde 25% EM Grade Aqueous (Electron Microscopy Sciences), ONPG onitrophenyl-β-D-galactopyranoside (Thermo Scientific), Lactate dehydrogenase (LDH)
Cytotoxicity Assay Kit (Cayman), Sodium palmitate (Sigma), Bovine Serum Albumin (BSA)
Fraction V Fatty Acid-Free (Calbiochem), Gelatin from cold water fish skin (Sigma), Triton™
X-100 (Sigma), Paraformaldehyde (PFA) (Merck), Hoechst 33342 Trihydrochloride Trihydrate
(Invitrogen),

4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indacene

(BODIPY)

493/503 (Invitrogen).
3.1.7. Antibodies.
Anti-GFP 1:1000 (Cell Signaling), Anti-PREF1 1:1000 (Cell Signaling), Anti-Tubulin
1:5000 (Abcam), Anti-PPARy 1:1000 and 1:200 (Cell Signaling), Anti-PRDM16 1:400
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(Abcam), Anti-C/EBPb 1:1000 (Cell Signaling), Anti-UCP1 1:400 (Abcam), Anti-PGC1α 1:50
(Santa Cruz), Anti-STAT1 1:1000 and 1:400 (Cell Signaling), Anti-STAT2 1:1000 and 1:200
(Cell Signaling), Anti-FLAG 1:800 (Cell Signaling), Anti-mitoNEET 1:1000 (Cell Signaling),
Anti-Cleaved Caspase 3 1:1000 and 1:200 (Cell Signaling), Anti-Caspase 3 1:1000 (Cell
Signaling), Anti-Cytochrome c 1:200 (BD Biosciences), Donkey anti-Rabbit IgG (H+L) Highly
Cross-Adsorbed Secondary Antibody Alexa Fluor 555 1:1000 (Invitrogen), Goat anti-Rabbit
IgG (H+L) Highly Cross-Adsorbed Secondary Antibody Alexa Fluor 647 1:1000 (Invitrogen),
Goat anti-Mouse IgG (H+L) Cross-Adsorbed Secondary Antibody Alexa Fluor 555 1:1000
(Invitrogen), Goat anti-Mouse IgG (H+L) Cross-Adsorbed Secondary Antibody Alexa Fluor
633 1:1000 (Invitrogen).
3.2. Methods
3.2.1. Maintenance and genotyping of mice.
The Agpat2+/+ and Agpat2-/- mice were generated by crossing the Agpat2+/- strain. These
were developed at the University of Texas Southwestern Medical Center (UTSW) and
transferred to the Pontificia Universidad Católica de Chile, through a material transfer
agreement (MTA). Mice were maintained with 12 h light and dark cycles. All animal
experiments were performed according to procedures approved by the Pontificia Universidad
Católica de Chile committee for animal safety and bioethics (Protocol 13-029).
For genotyping, tissues from adult mice and neonates were digested with proteinase K
0,4 mg/mL in Lysis Reagent PCR for 12 h at 55°C and 2 h at 85°C. The product of the digestion
was centrifuged for 5 minutes at 3000 x g, and the gDNA used as a template for genotyping
PCR. This PCR uses the A8 starters (5’-AAA GCT GTG CCA GGG TGG GT-3’), A15 (5’-
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CGG CTA GGT AAG CAG TTT GA-3’) and SI75 (5’-GAT TGG GAA GAC AAT AGC AGG
CAT GC-3’), and its program consists of: a) 30 seconds at 98°C initial denaturation, b) 7 cycles
of 5 seconds at 98°C denaturation, 5 seconds at 70°C alignment, 10 seconds at 72°C extension
and 24 cycles of 5 seconds at 98°C denaturation, 5 seconds at 62°C alignment, 10 seconds at
72°C extension, and c) 1 minute at 72°C final extension. The bands obtained were 782 bp for
Agpat2+/+ and 614 bp for Agpat2-/-.
The strain Agpat2+/-/Zfp423GFP was generated by successive crosses of Agpat2+/- and
Zfp423GFP (B6; FVB-Tg (Zfp423-EGFP)7Brsp/J, 19381, Jackson Laboratory), which was used
for the generation of Agpat2+/+/Zfp423GFP and Agpat2-/-/Zfp423GFP, as well as for the
maintenance of the colony. The genotyping PCR of Zfp423GFP uses the primers: 15020 (5’-CTG
AAC TTG TGG CCG TTT AC-3’), 16612 (5’-AAG TTT CCG AGA GGC AGG AG-3’), 20286
(5’- TGT CTC TGA ACC CTG GGA AG-3’) and 20287 (5’-GCA CCT TGA ACGA ACG
ACA TC-3’). The expected bands are 250 bp for the transgene and 197 bp for the internal
control. The PCR program consists: a) 30 seconds at 98°C initial denaturation, b) 25 cycles of
10 seconds at 98°C denaturation, 10 seconds at 61°C alignment, 20 seconds at 72°C extension
and c) 1 minute at 72°C of final extension.
Agpat2+/+/Fabp4-Cre+/R26R+/+ and Agpat2-/-/Fabp4-Cre+/R26R+/+ mice were generated
by the successive crossing of Agpat2+/- mice, Fabp4-Cre+ (B6.Cg-Tg(Fabp4-cre)1Rev/J,
005069, Jackson Laboratory) and R26R+/+ (B6.129-Gt(ROSA)26Sortm1Joe/J, 8606, Jackson
Laboratory). Genotyping PCR for Fabp4-Cre+ uses the primers oIMR1084 (5’-GCG GTC TGG
CAG TAA AAA CTA TC-3’), oIMR1085 (5’- GTG AAA CAG CAT TGC TGT CAC TT-3’),
oIMR7338 (5’- CTA GGC CAC AGA ATT GAA AGA TCT-3’) and oIMR7339 (5’- GTA
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GGT GGA AAT TCT AGC ATC ATC C-3’). PCR genotyping consists of the following steps:
a) 30 seconds at 98°C initial denaturation, b) 35 cycles of 5 seconds at 98°C denaturation, 5
seconds at 51,7°C alignment, 10 seconds at 72°C extension and c) 1 minute at 72°C final
extension. The expected bands are 100 bp for the transgene and 324 bp for the internal control.
The R26R+/+ PCR uses the primers oIMR8038 (5’- TAA GCC TGC CCA GAA GAC
TC-3’), oIMR8545 (5’- AAA GTC GCT CTG AGT TGT TAT-3’) and oIMR9539 (5’- TCC
AGT TCA ACA TCA GCC GCT ACA-3’). The PCR program consists of the following steps:
a) 30 seconds at 98°C initial denaturation, b) 35 cycles of 10 seconds at 98°C denaturation, 5
seconds at 64°C alignment, 10 seconds at 72°C extension and c) 1 minute at 72°C final
extension. The expected bands are 575 bp for the mutant and 235 bp for the wild type mouse.
3.2.2. Obtaining preadipocytes of interscapular brown adipose tissue (iBAT) and
adipogenic differentiation.
The newborn pups are euthanized by decapitation to obtain the iBAT by surgery. The
tissue is washed in PBS and left in digestion buffer (0,2% type II collagenase in buffer [25 mM
KHCO3, 12 mM KH2PO4, 1,2 mM MgSO4, 4,8 mM KCl, 120 mM NaCl, 1,2 mM CaCl2, 5 mM
glucose, 2,5% BSA and 1% penicillin/streptomycin, at pH 7,4]) for 45 min at 37°C at 800 rpm.
The product of digestion was filtered through a 100 µm mesh and ACK were added for 4 min.
Wash with culture medium (DMEM-F12 10% FBS, 1% Antibiotic Antimycotic, pH 7,2),
centrifuging at 300 x g for 5 min. It is again filtered through a 40 µm mesh, washed with medium
and seeded in 24-well plates. When they reach confluence, the cells were trypsinized and seeded
six times the original surface area. This process is repeated and afterwards the cells are incubated
with 500 nM dexamethasone, 125 nM indomethacin, 0,5 mM 3-isobutyl-1-methylxanthine
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(IBMX), 5 µM rosiglitazone, 1 nM T3 and 20 nM insulin. After 72 h of induction, the cells are
maintained in culture medium supplemented with 20 nM insulin and 1 nM T3.
3.2.3. Immunofluorescence assays.
Primary cultures of brown preadipocytes from Agpat2-/- and Agpat2+/+ mice were seeded
and differentiated in 96 well plates with optical background or in sterile glass covers. They were
fixed with 4% PFA for 20 min and washed 3 times with PBS, permeabilized with 0,1% Triton
X-100 for 15 minutes and blocked with 3% fish gelatin by 1 h at room temperature. Was washed
3 times with PBS and incubated with primary antibody (1% BSA/PBS) overnight at 4°C in a
humid chamber. After washing 3 times with PBS, it was incubated with fluorescent secondary
antibodies 1:1000 (1% BSA/PBS) for 1 h at room temperature. The nuclei were stained with
Hoechst 33342 1 µg/mL and lipid drops with BODIPY 1 µg/mL for 30 minutes at room
temperature.
3.2.4. Quantification of fluorescence microscopy images acquired by automated system.
Brown iBAT preadipocytes from Agpat2-/- and Agpat2+/+ mice were seeded in 96 well
plates with optical-bottom. The differentiated and treated according to protocol. Later the
fluorescence images were acquired in the Cytation 5 equipment and analyzed with the Gen 5
Image Prime software. 9 or 16 photos per well were acquired, with 2 to 3 channels, with a
magnification of 20X. The cells were first segmented by the cell nucleus (primary mask). Next,
a secondary mask was generated around the cell nucleus with a radial distance of 5 μM. The
intensity of green fluorescence in the secondary mask was measured to identify the cells with
lipid droplets. In the red channel, the fluorescence intensity in the primary mask was measured
for nuclear markers, and the fluorescence intensity in the secondary mask was measured in
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cytoplasmic markers. The cells were considered as positive or negative for the markers, and the
populations were validated by Strictly standardized mean difference (SSMD) (Figure 4).
3.2.5. Oil-Red-O Stain
To quantify neutral lipids, primary cultures of brown preadipocytes were stained with
Oil Red O. Cells fixed with 4% PFA, were incubated with Oil Red O solution (six parts of 0,6%
Oil network O dye in isopropyl alcohol and four parts water) for 30 minutes at room
temperature. It was washed 3 times with 75% ethanol in PBS and incubated with isopropanol
for 15 minutes. The isopropanol was transferred to a new 96-well plate and the absorbance at
570 nm was measured.
3.2.6. Western blotting
Extracts from differentiated preadipocyte cultures or iBAT were resuspended in RIPA
buffer with protease and phosphatase inhibitors. The lysates were sonicated on ice and
centrifuged at 14,000 x g for 15 min at 4°C. 25 µg of the supernatant proteins was incubated
with Lane Marker Reducing Sample Buffer and resolved in polyacrylamide gel electrophoresisSDS. Subsequently they were electrotransferred in PVDF membranes. Membranes were
blocked with 3% BSA/0,1% Tween 20 in tris phosphate buffer (TBS-T) for 1 h and incubated
with primary antibody 1% BSA overnight at 4°C. The membranes were washed with TBS-T
and incubated with secondary antibody conjugated with horseradish peroxidase (HRP) for 2 h
at room temperature. The membranes were visualized by chemiluminescence using C-DiGit
Blot Scanner (Licor) or G:Box (Syngene).
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FIGURE 6: Image analysis pipeline. After the acquisition, the images were analyzed using
the Gen 5 Image Prime software.
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3.2.7. qRT-PCR and RNA Microarray.
The total RNA was obtained from samples of primary cultures of brown preadicpocytes
with Trizol according to the instructions of the manufacturer. 2 µg of RNA were treated with
TURBO DNA-free ™ Kit for the elimination of contaminating DNA. Subsequently, the cDNA
was generated by the High-Capacity cDNA Reverse Transcription Kit. The relative expression
levels of the mRNAs were calculated with the ΔΔCt method using 36b4 as the reference gene.
For the microarray, the total RNA purity and integrity were evaluated by ND-1000
Spectrophotometer (NanoDrop, Wilmington, USA), Agilent 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, USA). cDNA was synthesized using the GeneChip WT (Whole
Transcript) Amplification kit as described by the manufacturer. The sense cDNA was then
fragmented and biotin-labeled with TdT (terminal deoxynucleotidyl transferase) using the
GeneChip WT Terminal labeling kit. Approximately 5,5 µg of labeled DNA target was
hybridized to the Affymetrix GeneChip Mouse Array at 45°C for 16 h. Hybridized arrays were
washed and stained on a GeneChip Fluidics Station 450 and scanned on a GCS3000 Scanner
(Affymetrix). Signal values were computed using the Affymetrix® GeneChip™ Command
Console software. All Statistical test and visualization of differentially expressed genes was
conducted using R statistical language v. 3.1.2. (www.r-project.org).
Gene Ontology (GO) analysis was performed using Gene Ontology resource
(http://geneontology.org/) (Ashburner et al., 2000; Carbon et al., 2019).
3.2.8. Electron microscopy.
Brown preadipocyte cultures of Agpat2-/- and Agpat2+/+ were grown and differentiated
in Thermanox Plastic Coverslip. Next, they were fixed with 2% glutaraldehyde for 2 h,
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immersed in 1% OsO4, dehydrated with ethanol and infiltrated in Epon. The ultra-fine sections
were obtained by ultramicrotome (80 nm). The grids were visualized in the Phillips Tecnai 12
electron microscope at the Microscopy Facility UC, Chile.
3.2.9. Histological sections and X-gal staining.
Mice were euthanized by decapitation and fixed in 4% paraformaldehyde for 24 h. Then
they were put in sucrose 15% for 12 h and in 30% overnight. They were included in Optimal
cutting temperature compound (OCT compound) and 20 μM slices were generated in the Leica
CM1860 cryostat.
For X-gal stains, the mice were euthanized by decapitation and included in compound
OCT. Cuts 30 μM thick were stained with X-gal solution (30 mM potassium ferricyanide
(K3[Fe(CN)6]), 30 mM potassium ferrocyanide (K4[Fe(CN)6]·3H2O), 1 mM MgCl2, 1 mg/mL
ONPG) for 24 h at 37°C.
3.2.10. Generation of recombinant adenoviruses.
The coding sequence of mitoNEET was amplified from a plasmid gently donated by
Philipp E. Scherer (University of Texas Southwestern Medical Center, Dallas, Texas) and
Elovl3 from mouse liver cDNA. The PCR products of mitoNEET and Elovl3 were cloned into
the pENTR™/D-TOPO™ vector. Orientation and sequence were verified by digestion with
restriction enzymes (Not I and Asc I) and by direct sequencing (Macrogen Inc.). Recombinant
adenoviral vectors were generated by Clonase II-mediated recombination between mitoNEETpENTR™/D-TOPO™, Elovl3-pENTR™/D-TOPO™ or LacZ-pENTR™/D-TOPO™ with the
vector pAd/CMV/V5-DEST. The resulting plasmids were analyzed by direct sequencing
(Macrogen Inc.). 1 µg of the digestion product of mitoNEET-pAd/CMV/V5-DEST, Elovl3-
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pAd/CMV/V5 -DEST and LacZ-pAd/CMV/V5-DEST were transfected in 293A cells. After 710 days, the cells with cytopathic signs were broken by freeze/thaw cycles and then centrifuged
at 10,000 x g for 15 min. The supernatant was used to propagate the adenoviruses in 293A cells.
Finally, the adenoviral particles were purified by CsCl gradient ultracentrifugation, desalinated
and quantified at OD 260 nm. 3 x 108 particles/cm2 were used for the infection of the primary
cultures of brown preadipocytes.
3.2.11. Fatty acid profile.
Total lipids from plasma samples were extracted with chloroform/methanol (2:1 v/v).
Fatty acid methyl esters (FAME) from plasma were prepared with boron trifluoride (12%
methanolic solution) according to the (Morrison et al., 1964) and followed by methanolic
sodium hydroxide (0,5 N) solution. FAME samples were cooled and extracted with 0,5 mL of
hexane. FAME were separated and quantified by gas–liquid chromatography in an Agilent
Hewlett-Packard equipment (model 7890 A, CA, USA) using a capillary column (Agilent HP88, 100 m×0,250 mm; I.D. 0,25 µm) and a flame ionization detector (FID) (Valenzuela et al.,
2015; Hernández-Rodas et al., 2017).
3.2.12. Lipotoxicity assays and cell viability measurement.
Sodium palmitate was conjugated with BSA free of fatty acids in a ratio of 1:5, for 1 h
at 37°C with shaking (200 rpm). It was filtered by 0,2 µM and dissolved in DMEM-F12 2,5%
FBS medium. Primary cultures of brown preadipocytes at day 0 and 5 of differentiation were
treated with 0, 250, 500, 750 and 1000 µM of palmitic acid for 12 h. Cell viability was evaluated
using LDH Cytotoxicity Assay Kit and MTT reduction.
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3.2.13. Statistics.
Two-way ANOVA followed by Sidak's multiple comparisons test was performed using
GraphPad Prism version 6.01 for Windows, GraphPad Software, La Jolla California USA,
www.graphpad.com. Data are expressed as means ± SD. *p < 0.05 denote statistically
significant difference between Agpat2+/+ and Agpat2-/- at the same day of differentiation, and #
p < 0.05 statistically significant difference compared to day 0 in the same genotype.
3.2.14. Figures.
With the exception of Figure 6, all figures were created with BioRender.com
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4. Results.
4.1. Differentiated brown adipocytes of Agpat2-/- mice have lower accumulation of lipid
droplets.
Our laboratory previously found that the lack of white adipose tissue in the Agpat2-/mice results from a combination of both accelerated adipocyte cell death soon after birth and
impaired adipogenesis. In fact, Agpat2-/- MEFs differentiated in vitro into white adipocytes have
lower number of lipid-laden cells and decreased expression levels of key adipogenic
transcription factors and mature adipocyte markers (Cautivo et al., 2016). To determine the
adipogenic potential of brown preadipocytes derived from Agpat2-/- mice, primary cultures of
the SVF of iBAT were adipogenically induced with a medium supplemented with 500 nM
dexamethasone, 125 nM indomethacin, 0,5 mM IBMX, 5 µM rosiglitazone, 1 nM T3 and 20
nM insulin. Seventy-two hours later, cells were changed to DMEM supplemented with 20 nM
insulin and 1 nM T3 (Figure 7A). The abundance of cells accumulating lipid droplets was
quantified with an automatized imaging system (Cytation 5, see “Methods” sections for a
detailed methodological explanation) at different days after adipogenic induction. Imaging
analysis was performed according to “Microscopy-Based High-Content Screening and/or
image-based profiling considerations” guidelines (Bray et al., 2004; Boutros et al., 2015;
Caicedo et al., 2017).
As shown in Figure 7B, whereas ~80% of cultured Agpat2+/+ SVF’ cells accumulated
lipid droplets at differentiation days 5 and 7, the proportion of Agpat2-/- cells laden with lipid
droplets were notoriously lower (~40% and ~25% at days 5 and 7, respectively). These results
are concordant with the quantification of neutral lipids by Oil Red O staining, where a lower
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FIGURE 7: The accumulation of lipid droplets in differentiated brown adipocytes of
Agpat2-/- mice is diminished. (A) Schematic illustration of the adipogenic differentiation in cell
cultures of brown preadipocytes. (B) Quantification of cells with lipid droplets (BODIPY).
Automated imaging analysis included ~75,000 cells in total. (C) Quantification of neutral lipids
by Oil Red O staining. (D) Quantification of LDH release to the media. (E) Representative
immunofluorescence images staining perilipin 1 (red), neutral lipids with BODIPY (green) and
nuclei with Hoechst 33342 (blue) of wild type and Agpat2-/- brown adipocytes at days 0, 3, 5
and 7 of differentiation. Scale bar 20 µm. Data are expressed as mean ± SD (N=3 per genotype).
*p < 0.05 denote statistically significant differences between wild type and Agpat2-/- at the same
day of differentiation, # p < 0.05 denotes statistically significant differences in comparison with
day 0 in the same genotype. p values were calculated using two-way ANOVA.
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amount of neutral lipids is observed from day 3 to 7 in Agpat2-/- cultures compared with
Agpat2+/+ (Figure 7B and C).
Whereas the proportion of Agpat2-/- differentiated adipocytes with lipid droplets
markedly decreases at day 7 of differentiation, neutral lipids content is higher at day 7 in
comparison with day 5 of differentiation. This phenomenon could be the result of an increased
lipid content per individual-differentiated Agpat2-/- adipocyte, however, this was not quantified
in this study.
As indicated above, Agpat2-/- mice suffer massive adipocyte death after birth. To
determine if this phenomenon occurs in vitro, cell viability was evaluated by releasing LDH to
the media. Figure 7D shows that no significant differences were found in released LDH between
genotypes at day 5, and that Agpat2-/- adipocytes have significantly lower LDH at day 7,
indicating absence of massive cell death in differentiated brown Agpat2-/- adipocytes in culture.
These results, analogous to those reported for us in white Agpat2-/- adipocytes (Cautivo
et al., 2016), show that AGPAT2 is required for normal lipid droplets and neutral lipid
accumulation in in vitro differentiated murine brown adipocytes, indicating that in spite of their
dissimilar cellular origin, both white and brown adipocytes requires AGPAT2 to proceed onto
their normal adipogenic differentiation program.
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4.2. Expression levels of adipogenic transcriptional regulators PPARγ, C/EBPα, PPARα
and PGC1α but not PRDM16 and C/EBPβ are decreased in differentiated brown
adipocytes of Agpat2-/- mice.
The lower abundance of LDs in differentiated brown adipocytes of Agpat2-/- mice
(Figure 7) can be the result of impaired adipogenesis. Therefore, we quantified the abundance
of classical adipogenic transcription factors and co regulators PPARγ, PRDM16, C/EBPα,
C/EBPβ, PPARα and PGC1α.
As shown in Figure 8, the proportion of cells with nuclear PPARγ staining increases at
day 3 of differentiation, with no differences between Agpat2-/- and wild type cells. At days 5
and 7 of differentiation, the percentage of wild type cells with nuclear PPARγ signal is further
increased, whereas this proportion is not changed (day 5) or it is even decreased (day 7) in
Agpat2-/- cells (Figure 8A and 8C).
Importantly, the quantification of LDs laden cells that simultaneously have PPARγ in
their nuclei is not different between differentiated brown adipocytes of wild type and Agpat2-/mice (Figure 8B and 8C), suggesting that cells that have nuclear PPARγ are also the same that
build LDs.
In agreement with the lower proportion of differentiated brown adipocytes of Agpat2-/mice with nuclear PPARγ (Figure 8A), the mRNA and whole cell protein levels of PPARγ are
also lower in these cells at day 5 and 7 (Figure 8D and 8E).
Figure 9A shows that in differentiated brown adipocytes of wild type and Agpat2-/- mice,
PRDM16 protein levels increases until day 4 of differentiation and that then decreases at day 5.
No significant differences were found between both genotypes. C/EBPβ, a pro adipogenic
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FIGURE 8: PPARγ is located in the nucleus of cells that accumulate lipid droplets in
differentiated brown adipocytes of wild type and Agpat2-/- mice. (A) Quantification of cells
with nuclear PPARγ. (B) Quantification of cells with lipid droplets and nuclear PPARγ. (C)
Representative immunofluorescence images staining PPARγ (red), neutral lipids with BODIPY
(green) and nuclei with Hoechst 33342 (blue) of differentiated brown adipocytes of wild type
and Agpat2-/- mice at days 0, 3, 5 and 7 of differentiation. Scale bar 20 µm. Automated imaging
analysis included ~135,000 cells in total. (D) Pparγ mRNA levels normalized to 36b4 and
expressed as relative fold changes to wild type at day 3. (E) Representative immunoblot of
PPARγ and tubulin of differentiated brown adipocytes of wild type and Agpat2-/- mice at days
0, 3, 5 and 7 of differentiation and immunoblot quantification of PPARγ, expressed as foldchange relative the levels of wild type mice at day 3 of differentiation and normalized to tubulin
levels. Data are expressed as mean ± SD (N=3 per genotype). *p < 0.05 denote statistically
significant differences between differentiated brown adipocytes of wild type and Agpat2-/- mice
at the same day of differentiation, # p < 0.05 denotes statistically significant differences in
comparison with day 0 in the same genotype. p values were calculated using two-way ANOVA.
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transcription factor required for both brown and white adipocyte phenotype determination, has
lower expression levels in differentiated brown adipocytes of Agpat2-/- mice at day 3 in
comparison with wild type cells. At the transcriptional level, C/EBPβ mRNA was lower at day
7 of differentiation in differentiated brown adipocytes of Agpat2-/- mice (Figure 9B). mRNA
levels of C/EBPα, which cooperates with PPARγ to regulate adipocyte-specific genes after
expression of C/EBPβ, is lower in differentiated brown adipocytes of Agpat2-/- mice at day 3, 5
and 7 in comparison with wild type cells (Figure 9C). mRNA levels of PPARα, a nuclear
hormone receptor that promotes fatty acid uptake, mitochondrial β-oxidation and lipoprotein
transport are lower in differentiated brown adipocytes of Agpat2-/- mice at days 5 and 7 in
comparison with the wild type cells (Figure 9D). Finally, PGC1α, a transcriptional co-regulator
central for mitochondrial biogenesis and brown adipocyte differentiation, is significantly lower
in differentiated brown adipocytes of Agpat2-/- mice at both protein and mRNA levels (days 4
and 5, respectively) (Figure 9E).
UCP1 is highly expressed in mature brown adipocytes and is a bona fide marker of this
cell type. Concordantly, it is undetectable at the mRNA and protein levels in undifferentiated
preadipocytes of wild type and Agpat2-/- mice (cell cultures at day 0 of differentiation). As
shown in Figure 10A, brown adipogenic differentiation markedly induced UCP1 at the mRNA
and protein levels in wild type cells. In sharp contrast, UCP1 remained undetectable in
differentiated brown adipocytes of Agpat2-/- mice. Even more, when we exposed differentiated
brown adipocytes (day 5 of differentiation) to isoprenaline, a potent beta-adrenergic activator,
Ucp1 mRNA levels in the wild type increase more than ~30-fold, whereas Agpat2-/- were
completely unresponsive to the stimulus. These results indicate that differentiated brown
adipocytes of Agpat2-/- mice fail to express UCP1 under a β-adrenergic stimulus (Figure 10B).
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FIGURE 9: Protein and/or mRNA levels of PRDM16, C/EBPβ, C/EBPα, PPARα and
PGC1α in differentiated brown adipocytes of wild type and Agpat2-/- mice. Representative
immunoblot of (A) PRDM16, (B) C/EBPβ and (E) PGC1α and β-actin of differentiated brown
adipocytes of wild type and Agpat2-/- mice at days 0, 1, 2, 3, 4 and 5 of differentiation and
immunoblot quantification expressed as fold-change relative the levels of wild type mice at day
0 of differentiation and normalized to β-actin levels (N=4 per genotype). (B) C/EBPβ, (C)
C/EBPα, (D) PPARα and (E) PGC1α mRNA levels normalized to 36b4 and expressed as relative
fold changes to wild type at day 0 or 3 (n=3 per genotype). Data are expressed as mean ± SD.
*p < 0.05 denote statistically significant differences between differentiated brown adipocytes of
wild type and Agpat2-/- mice at the same day of differentiation, # p < 0.05 denotes statistically
significant differences in comparison with day 0 in the same genotype. p values were calculated
using two-way ANOVA.
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FIGURE 10: Protein and mRNA levels UCP1 and adipocyte markers Plin1, Adiponectin
and Cidea are strongly diminished in differentiated brown adipocytes of Agpat2-/- mice.
(A) Representative immunoblot of UCP1 and β-actin of differentiated brown adipocytes of wild
type and Agpat2-/- mice at days 0, 1, 2, 3, 4 and 5 of differentiation and immunoblot
quantification of UCP1, expressed as fold-change relative the levels of wild type mice at day 0
of differentiation and normalized to β-actin levels (N=4 per genotype) and Ucp1 mRNA levels
normalized to 36b4 and expressed as relative fold changes to wild type at day 3 (n=3 per
genotype). (B) UCP1 mRNA levels of differentiated brown adipocytes of wild type and Agpat2/mice at day 5 in the presence and absence of isoprenaline (10 µM for 6 h). Data were
normalized to 36b4 and expressed as relative fold changes to wild type. (C) Representative
immunoblot of UCP1 and tubulin in iBAT of wild type and Agpat2-/- mice E18.5 embryos and
at days 0, 1, 2, 3, 4, 5, 6 and 7 after birth and immunoblot quantification of UCP1, expressed as
fold-change relative the levels of wild type mice E18.5 embryos and normalized to tubulin levels
(N=4 per genotype). (D) Plin1, (E) Adiponectin and (F) Cidea mRNA levels normalized to 36b4
and expressed as relative fold changes to wild type at day 3 or 5. Data are expressed as mean ±
SD. *p < 0.05 denote statistically significant differences wild type and Agpat2-/- at the same day
of differentiation or after birth, # p < 0.05 denotes statistically significant differences in
comparison with day 0 or E18.5 in the same genotype. p values were calculated using two-way
ANOVA.
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We then compared these in vitro results with the actual levels of UCP1 in the iBAT of
newborn wild type and Agpat2-/- mice. As shown in Figure 10C, UCP1 protein levels were
equivalent between Agpat2-/- and wild type mice until the day 2 after birth. Thereafter, UCP1
mRNA levels are severely decreased in the iBAT of Agpat2-/- mice while they increase in wild
type mice until the day 7 after birth.
Perilipin 1 (PLIN1) and CIDEA are LD-associated proteins that regulates lipolysis and
LDs fusion, respectively, whereas, Adiponectin (ADIPOQ) is an adipokine secreted by WAT
and BAT. These three adipocyte markers are significantly lower in differentiated brown
adipocytes of Agpat2-/- mice at days 5 and 7 in comparison with wild type cells (Figure 10D,
10E and 10F).
Together, these results indicate that brown adipogenic differentiation of Agpat2-/preadipocytes results in a lower proportion of cells laden with lipids and reduced levels of key
transcriptional regulators for both general adipocyte (PPARγ, C/EBPβ, C/EBPα and PPARα)
and specific brown adipocyte (PGC1α) phenotype. Importantly, although some Agpat2-/- cells
do accumulate lipids and have nuclear PPARγ, indicating adipogenic differentiation, UCP1
remains undetectable in these cells.
Therefore, we conclude that Agpat2-/- preadipocytes undergo an abnormal differentiation
process that fails to generate fully mature brown adipocytes in vitro.
Alternatively, the low proportion of LD-laden cells in the Agpat2-/- differentiated brown
adipocytes cultures can also be explained by a lower abundance of preadipocytes in the original
SVF cultured from these mice. Therefore, we aimed to quantity the abundance of brown
preadipocytes in the cultured SVF and in the iBAT of Agpat2-/- and wild type mice.
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4.3. Preadipocyte abundance is normal in the interscapular brown adipose tissue of
newborn Agpat2-/- mice and in their primary cultured stromal vascular fraction (SVF).
To determine whether the preadipocyte content is equivalent in iBAT of newborn mice
of Agpat2-/- and Agpat2+/+, the expression levels of the preadipocyte markers Fabp4, Zfp423 and
Pref-1 were evaluated.
To track Fabp4 and Zfp423 expressing cells in vivo, new transgenic mouse strains
Agpat2+/-/Fabp4-Cre+/R26R+/+ and Agpat2+/-/Zfp423GFP were generated, respectively (see
“Methods” sections for a detailed explanation of the breeding strategy). To determine the
abundance of Fabp4 and Zfp423 in the iBAT of Agpat2-/- mice, transverse sections of the
interscapular region of new born Agpat2-/-/Fabp4-Cre+/R26R+/+ and Agpat2-/-/Zfp423GFP mice
were stained with X-Gal (Figure 11A) and GFP immunofluorescence (Figure 11C),
respectively.
Using these tools, no differences were detected in the abundance of Fabp4 (a marker for
both preadipocytes and mature adipocytes) and Zfp423 (a marker for brown preadipocytes)
between newborn Agpat2-/- and wild type mice (day P0.5). Similarly, no differences were found
in Pref-1 (a maker of preadipocytes) and Zfp423 protein levels in the iBAT of Agpat2-//Zfp423GFP and Agpat2+/+/Zfp423GFP mice by immunoblotting analysis (Figure 11B).
Next, we estimated the abundance of brown preadipocytes in primary cultured iBAT
SVF by quantifying Pref-1. As shown in Figure 12, Pref-1 mRNA and protein levels were
equivalent in the cultured SVF derived from Agpat2-/- and wild type mice at day 0 of
differentiation (Figure 12A and 12B).

69

Therefore, we conclude that the abundance of preadipocytes iBAT and primary cell
cultures of SVF of Agpat2-/- and Agpat2+/+ is equivalent and thus the lower proportion of Agpat2/-

differentiated brown adipocytes laden with LD is most likely due to intrinsic adipogenic

defects of these cells.
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FIGURE 11: Preadipocyte abundance is normal in the iBAT of newborn Agpat2-/- mice.
(A) Representative transversal cryosections of the scapular region of newborn mice from
Agpat2-/-/Fabp4-Cre+/R26R+/+ and Agpat2+/+/Fabp4-Cre+/R26R+/+ stained with X-gal. (B)
Representative immunoblot of PREF-1, GFP and TUBULIN in iBAT of newborn wild type and
Agpat2-/- mice and immunoblot quantification of PREF-1 and GFP, expressed as fold-change
relative the levels of wild type mice and normalized to tubulin levels (N=3 per genotype). (C)
Representative immunofluorescence images staining GFP (green) and nuclei (Hoechst 33342,
blue) in the iBAT of newborn wild type and Agpat2-/- mice. Agpat2+/+ (*): Protein sample of
differentiated brown adipocytes. Data are expressed as mean ± SD. Statistical analysis was
performed using two-tailed unpaired Student’s t tests.
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FIGURE 12: Preadipocyte abundance is normal in primary cultured stromal vascular
fraction (SVF). (A) Pref-1 mRNA levels normalized to 36b4 and expressed as relative fold
changes to wild type (n=3 per genotype). Liver as a negative control was used. Mean of the
cycle threshold (Ct) is shown. (B) Representative immunoblot of PREF-1 and tubulin in SVF
of wild type and Agpat2-/- mice and immunoblot quantification of PREF-1, expressed as foldchange relative the levels of wild type mice and normalized to tubulin levels. Data are expressed
as mean ± SD (N=3 per genotype). Statistical analysis was performed using (A) one-way
ANOVA followed by Dunnett's multiple comparisons test and (B) two-tailed unpaired Student’s
t tests. * p < 0.05 denote statistically significant differences.
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4.4. In vitro differentiated brown adipocytes of Agpat2-/- mice have abnormal expression
levels of genes related to type I interferon response and mitochondrial biogenesis/function.
To further explore the transcriptional basis of the failed adipogenesis of differentiated
brown adipocytes of Agpat2-/- mice we performed unbiased transcriptomic analysis.
Global gene expression of differentiated brown adipocytes was analyzed with
microarray technology at days 0, 3 and 5 of differentiation. For this, total RNA of 3 independent
cell cultures (each one generated from a different animal) was pooled for each genotype and
time of analysis.
As shown in Figure 13A, differentially expressed genes between wild type and Agpat2/-

cells were 92, 80 and 647 for days 0, 3 and 5, respectively. In Agpat2-/- adipocytes at day 5 of

differentiation, the expression of the genes related to the brown adipogenic differentiation Ucp1,
free fatty acid receptor 4 (Ffar4), Cidea and cytochrome c oxidase subunit 8B (Cox8b) is lower
than in wild type adipocytes at the same day of differentiation (Figure 13B). FFAR4 is a receptor
for n-3 polyunsaturated fatty acids (PUFA) and has been implicated in the activation of
thermogenesis in BAT (Kim et al., 2016; Sharma et al., 2019). Cox8b, a nuclear gene that
encodes a mitochondrial protein that is part of the electron transport chain, is expressed
preferentially in brown adipocytes. CIDEA is a LD-associated protein important for LD
maturation (Gao et al., 2017).
By contrast, several genes implicated in type-I interferon response are among the most
overexpressed genes in Agpat2-/- adipocytes at day 5 of differentiation. These include:
Interferon-induced protein 44 (Ifi44), 2'-5' oligoadenylate synthetase 1G (Oas1g), 2'-5'oligoadenylate synthase-like protein 2 (Oasl2), interferon-induced protein with tetratricopeptide

74

FIGURE 13: Global gene expression analysis of differentiated brown adipocytes of Agpat2mice. Interscapular mouse preadipocytes were individually differentiated. In total, 3 animals
were used for each genotype and time of analysis. Equal amounts of total RNA from individually
differentiated brown adipocytes were pooled and analyzed by microarray technology, as
indicated in “Methods” section. (A) Global gene expression level between Agpat2-/- versus
Agpat2+/+ at days 0, 3, and 5 of differentiation. Red dots: fold-change (FC) > 2 Grey dots: foldchange < 2. (B) Log2 fold-change of the top 20 downregulated. (C) Log2 fold-change of the top
20 upregulated genes between differentiated brown adipocytes of wild type and Agpat2-/- mice
at day 5 of differentiation.
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repeats 1 (Ifit1), Ubl carboxyl-terminal hydrolase 18 (Usp18) and Interferon-activable protein
204 (Ifi204) (Figure 13C).
Gene ontology analysis (GO) of differentially expressed genes revealed no differences
between wild type and Agpat2-/- cells at days 0 and 3 of differentiation, nor in day 3 versus day
0 in both Agpat2+/+ and Agpa2-/- cells.
By contrast, the comparison between day 5 and day 0 in the wild type differentiated
brown adipocytes, revealed enrichment in the gene expression of biological processes related
to mitochondria organization (GO: 0007005), fat cell differentiation (GO: 0045444), brown fat
cell differentiation (GO: 0050873) and regulation of fat cell differentiation (GO: 0045598)
(Figure 14A). In the differentiated brown adipocytes of Agpat2-/- mice, there was enrichment in
the same processes, although in a lesser extent to the seen in the wild type cells. Interestingly,
biological processes related to response to virus (GO: 0009615), cellular response to interferonbeta (GO: 0035458), response to interferon-beta (GO: 0035456) and regulation of type I
interferon production (GO: 0032479), were strongly increased, and this was in sharp contrast
with the wild type cells, in which these processes are absent (Figure 14B).
In fact, the comparison between wild type and Agpat2-/- cells at day 5 of differentiation,
showed that biological processes related to response to virus (GO: 0009615), immune system
process (GO:0002376) and response to interferon-beta (GO: 0035456), were significantly
different between Agpat2-/- and wild type cell cultures (Figure 14C). In fact, many differentially
expressed genes belong to retinoic acid-inducible gene-I-like receptors (RLRs) and ISGs
clusters. Among them highlight DEXH (Asp-Glu-X-His) box polypeptide 58 (Dhx58),
interferon induced with helicase C domain 1 (Ifih1) and DEAD (Asp-Glu-Ala-Asp) box
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FIGURE 14: Gene ontology (GO) analysis in differentiated brown adipocytes of Agpat2-/mice. Gene ontology (GO) analysis (biological process) of day 5 versus day 0 of (A) Agpat2+/+
and (B) Agpat2-/-. GO analysis of (C) upregulated (biological process) and (E) downregulated
(cellular component) genes of Agpat2-/- at day 5. Log2 fold expression change of genes related
with (D) cellular response to virus and (F) mitochondrial inner membrane in Agpat2-/- versus
Agpat2+/+ at day 5 of differentiation. 3 animals were used per genotype (pool).
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FIGURE 15: qPCR quantification of differentially expressed genes in global gene
expression analysis in differentiated brown adipocytes of Agpat2-/- mice. mRNA levels of 1acylglycerol-3-phosphate Oacyltransferase 2 (Agpat2), CCAAT enhancer binding protein α
(Cebpα), peroxisome proliferator activated receptor α (Pparα), solute carrier family 2 member
4 (Slc4a2), elongation of very long chain fatty acids 3 (Elovl3), Lipin1, Perilipin 5 (Plin5), cell
death-inducing DNA fragmentation factor, alpha subunit-like effector A (Cidea), uncoupling
protein 1 (Ucp1), cytochrome c oxidase subunit 7A1 (Cox7a1), 2'-5' oligoadenylate synthetase
2 (Oas2) and interferon-induced protein with tetratricopeptide repeats 2 (Ifit2). Data were
normalized to 36b4 and expressed as relative fold changes to wild type at day 5. Mean of the
cycle threshold (Ct) is shown. ND: not detected. Data are expressed as mean ± SD (n=3 per
genotype). Statistical analysis was performed using two-tailed unpaired Student’s t tests. * p <
0.05 denote statistically significant differences.
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polypeptide 58 (Ddx58) in the RLRs cluster, and Irf7, Usp18, Ifi44 and Oas2 in the ISGs group
(Figures 14D).
Analysis of cellular components between wild type and Agpat2-/- cells at day 5 of
differentiation, showed that the expression level of genes related to mitochondrion (GO:
0005739), mitochondrial envelope (GO: 0005740), mitochondrial membrane (GO: 0031966),
mitochondrial part (GO: 0044429) and mitochondrial inner membrane (GO: 0005743) were
significantly decreased in Agpat2-/- cells (Figure 14E). Among the genes belonging to these
categories highlight Ucp1, cytochrome c oxidase subunit 8B (Cox8b) and cytochrome c oxidase
subunit 7A1 (Cox7a1). (Figure 14F).
The mRNA levels of selected genes differentially expressed in the microarray analysis
were quantified by qPCR analysis in a new set of differentiated brown adipocytes. For those
related with adipogenic differentiation were quantified Agpat2, Cebpα, Pparaα Slc2a4, Elovl3,
Lipin1, Plin5 and Cidea. Among those related to ISG we quantified Ifit2 and Oas2, and for
those related to mitochondrial function we quantified Ucp1 and Cox7a1 (Figure 15).
As shown in the Figure 15, we corroborated that the absence of AGPAT2 in
differentiated brown adipocytes decreases the mRNA levels of all the evaluated genes related
to brown adipocyte differentiation and specific mitochondrial processes (uncoupled respiration)
but increases the mRNA levels of genes related to interferon response.
Interestingly, recent studies have shown that the activation of ISGs impairs thermogenic
and mitochondrial function in brown adipocytes (Kissig et al., 2017; Liu et al., 2019). Therefore,
it is possible that increased activation of this pathway underlies both abnormal adipogenic brown
differentiation of Agpat2-/- adipocytes.
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4.5. Mitochondrial morphology and distribution are altered at day 5 of differentiation in
differentiated brown adipocytes of Agpat2-/- mice.
Our global and targeted gene expression analyses suggest that differentiated brown
adipocytes of Agpat2-/- mice have alterations in mitochondrial biogenesis/function. Since
mitochondrial activity is essential for both general adipogenesis and brown adipocyte
phenotype, we investigated mitochondrial alterations in differentiated brown adipocytes of
Agpat2-/- mice. For this, we performed transmission electron microscopy to analyze
mitochondrial abundance and ultrastructure in differentiated brown adipocytes of wild type and
Agpat2-/- mice at days 0 and 5 of differentiation.
We found no differences at day 0 of differentiation (corresponding to “preadipocyte”
stage) in the cellular ultrastructure of wild type and Agpat2-/- cells, including no changes in the
morphology and number of mitochondria (Figure 16A and 16C), as well as other organelles.
This result is agreement with our mRNA microarray analysis that showed no global differences
in mitochondria-related gene expression level (Figure 13A) and with the abundance of specific
adipogenic transcription factors and preadipocytes markers (Figures 9 and 10).
These results were notoriously different from those observed after adipogenic induction.
In wild type adipocytes, brown adipogenic differentiation (day 5 after induction) increased the
overall abundance of mitochondria changed the overall mitochondrial shape that turned from a
“spaghetti”-like to a “bean”-like look. Also, their inner structure was modified, with a denser
content of closely packed and parallel cristae, in comparison with undifferentiated preadipocytes
(day 0). Importantly, several mitochondria were intimately associated with LDs, such as no
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FIGURE 16: Mitochondrial number and morphology is abnormal in differentiated brown
adipocytes of Agpat2-/- mice. (A) Quantification of total mitochondria of primary cell culture
of Agpat2-/- and Agpat2+/+ mice, at days 0 and 5 of differentiation (6-13 cells were counted, n=1
per genotype). (D) Quantification of mitochondria in contact with lipid droplets of primary cell
culture of Agpat2-/- and Agpat2+/+ mice, at day 5 of differentiation (11-14 cells were counted,
n=1 per genotype). (C) and (D) representative images of transmission electron microscopy
(TEM) in brown adipocytes of Agpat2-/- and Agpat2+/+ mice at day 0 and 5 of differentiation.
Scale bar 1 and 0,5 µm. Data are expressed as mean ± SD. *p < 0.05 denote statistically
significant differences between differentiated brown adipocytes of wild type and Agpat2-/- mice
at the same day of differentiation, # p < 0.05 denotes statistically significant differences in
comparison with day 0 in the same genotype. p values were calculated using two-way ANOVA.
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discernible distance between the mitochondrial outer membrane (OMM) and the surface of LDs
could be observed (Figure 16C and 16D).
By contrast, although no differences were noted mitochondrial number between Agpat2/-

and wild type brown adipocytes at day 5 of differentiation (Figure 16A), Agpat2-/- cells have

markedly disorganized cristae, that were never parallel and have fewer packing density than the
one observed in wild type cells (Figure 16D). Also, fewer mitochondria were associated to LDs
in Agpat2-/- cells at day 5 of differentiation.
Regarding this latter finding, recently was reported that the association between
mitochondria and lipid droplets requires at least two proteins: Mitofusin 2 (Mfn2) (Boutant et
al., 2017) and Perilipin 5 (Plin5) (Benador et al., 2018). Interestingly, whereas our micro array
analysis showed no differences in the mRNA levels of Mfn2 between differentiated Agpat2-/and wild type brown adipocytes, Plin5 mRNA level was lower in Agpat2-/- brown adipocytes
(~3.4-fold) in comparison with wilt type at day 5 of differentiation (Figure 15), suggesting that
decreased levels of Plin5 are implicated in the defective association between mitochondria and
LDs in Agpat2-/- brown adipocytes.
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4.6. Differentiated brown adipocytes of Agpat2-/- mice have similar STAT1/2 levels in
comparison with wild type cells.
As mentioned above, our microarray mRNA analysis showed activation of the response
to virus (GO: 0009615) and response to IFNβ (GO: 0035456) gene pathways in differentiated
Agpat2-/- brown adipocytes. Besides to their well-known role in the cellular response to
infections, interferon activation has been linked with several other causes of cellular damage
(Ivashkiv, 2018) and also with impaired adipogenesis in vitro (Lee et al., 2016; Kissig et al.,
2017). For these reasons, we decided to further investigate interferon pathways in differentiated
brown adipocytes of Agpat2-/- mice. As shown in Figure 5, transcriptional regulation of ISGs is
complex and involves both redundant and interconnected signaling pathways. Among the key
hubs of regulation highlight STAT1/2, that is phosphorylated by type-I interferon receptor and
forms complexes with interferon responsive factor 9 (IRF9). After these activating
modifications, these proteins translocate to the nucleus and increases interferon responsive
element (IRE)-containing genes transcription. Importantly, many of these target genes are
overexpressed in differentiated brown adipocytes of Agpat2-/- mice (day 5, Figure 13C and 14D).
Therefore, we assessed the abundance and nuclear STAT1 and STAT2 in differentiated
brown adipocytes, because it is likely, although not unequivocally correct, that in this location
these proteins are transcriptionally active. For quantitative purposes, we captured and analyzed
images with an automated high-throughput imaging system (see “Methods” for a detailed
explanation).
As shown in Figure 17A, the proportion of cells with nuclear STAT1 staining steadily
increased from day 3 in both genotypes, and this proportion was higher in wild type cells in
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comparison with differentiated brown adipocytes of Agpat2-/- mice only at day 5 differentiation,
remaining similar in all the other days analyzed (Figure 17A and 17D). Interestingly, and similar
to PPARγ (Figure 8), if the analysis is restricted to cells that are laden with LDs and that
simultaneously have nuclear STAT1 staining, not differences between wild type and Agpat2-/brown adipocytes are found at days 3 and 5 of differentiation. However, at day 7 of
differentiation, Agpat2-/- cultures have a notorious decrease in the proportion of LDs laden cells
with nuclear STAT1 staining whereas in the wild type cultures this proportion was even higher
than in the precedent days (Figure 17B and 17D). Importantly, the abundance of total STAT1
protein, quantified by immunoblotting, increased with the adipogenic differentiation in both
genotypes but no differences between genotypes were found (Figure 17C). These results do not
support our hypothesis that increased STAT1 activity is involved in the lower accumulation of
LDs in differentiated brown adipocytes of Agpat2-/- mice.
In the case of STAT2, we also performed both immunofluorescence and immunoblotting
analysis to quantify nuclear localization and overall protein abundance, respectively. We found
that, although the proportion of STAT2 positive cells (Figure 18A) and total STAT2 protein
content (Figure 18B) tended to increase in differentiated cultures of both genotypes, with higher
levels in Agpat2-/- cultures, cellular staining was mostly cytoplasmic (Figure 18C) and no
significant differences were reached, possibly owing to the elevated dispersion of the data. In
any case, it is highly unlikely that increased levels of STAT2 protein have any role on the
adipogenic defect of Agpat2-/- brown adipocytes nor increased expression levels of ISGs, since
there is no time correspondence between lower LDs accumulation (evident at days 3 and 5 of
differentiation) and STAT2 overexpression (day 7).
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Although these results suggest that no differences in the activation status of STAT1/2 is
present between differentiated brown adipocytes of wild type and Agpat2-/- mice, they are in
contradiction with the global gene expression analysis, that indicates activation of IFN response.
For the correct interpretation of these results, it is important to keep in mind that total and even
nuclear content of transcriptional regulators do not necessarily translate in useful information
on the transcriptional activity of these proteins. Only the evaluation of the occupancy of IREs
by STATs in interferon-targeted genes by of chromatin immunoprecipitation analysis, will
provide a more direct information on the activation status of this pathway in differentiated brown
adipocytes of Agpat2-/- mice.

88

89

FIGURE 17: Differentiated brown adipocytes of Agpat2-/- mice have similar levels of
nuclear STAT1 in comparison with wild type cells. (A) Quantification of cells with nuclear
STAT1. (B) Quantification of cells with LD and nuclear STAT1. (C) Representative
immunoblot of STAT1 and tubulin of differentiated brown adipocytes of wild type and Agpat2/mice at days 0, 3, 5 and 7 of differentiation and immunoblot quantification of STAT1,
expressed as fold-change relative the levels of wild type mice at day 0 of differentiation and
normalized to tubulin levels. (D) Representative immunofluorescence images staining STAT1
(red), neutral lipids with BODIPY (green) and nuclei with Hoechst 33342 (blue) of
differentiated brown adipocytes of wild type and Agpat2-/- mice at days 0, 3, 5 and 7 of
differentiation. Scale bar 20 µm. Automated imaging analysis included ~35,000 cells in total.
Data are expressed as mean ± SD (N=3 per genotype). *p < 0.05 denote statistically significant
differences between differentiated brown adipocytes of wild type and Agpat2-/- mice at the same
day of differentiation, # p < 0.05 denotes statistically significant differences in comparison with
day 0 in the same genotype. p values were calculated using two-way ANOVA.
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FIGURE 18: Differentiated brown adipocytes of Agpat2-/- mice have higher levels of
cytoplasmic STAT2 only at advanced stages of differentiation. (A) Quantification of cells
with nuclear STAT2. (B) Representative immunoblot of STAT2 an tubulin of differentiated
brown adipocytes of wild type and Agpat2-/- mice at days 0, 3, 5 and 7 of differentiation and
immunoblot quantification of STAT2, expressed as fold-change relative the levels of wild type
mice at day 0 of differentiation and normalized to tubulin levels. (C) Representative
immunofluorescence images staining STAT2 (red), neutral lipids with BODIPY (green) and
nuclei with Hoechst 33342 (blue) of differentiated brown adipocytes of wild type and Agpat2-/mice at days 0, 3, 5 and 7 of differentiation. Scale bar 20 µm. Automated imaging analysis
included ~35,000 cells in total. Data are expressed as mean ± SD (N=3 per genotype). *p < 0.05
denote statistically significant differences between differentiated brown adipocytes of wild type
and Agpat2-/- mice at the same day of differentiation, # p < 0.05 denotes statistically significant
differences in comparison with day 0 in the same genotype. p values were calculated using twoway ANOVA.
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4.2. Elovl3 and mitoNEET forced expression does not restore adipogenic differentiation in
differentiated brown adipocytes of Agpat2-/- mice.
4.2.1. Elovl3 and mitoNEET are induced in brown adipogenic differentiation of wild type
adipocytes but their levels remain low in differentiated brown adipocytes of Agpat2-/- mice.
Previous work in our laboratory found that the forced expression of PPARγ by
adenoviral transduction was unable to revert adipogenic impairment of AGPAT2 deficient
adipocyte precursor cells upon a “white adipocyte” differentiation paradigm (Cautivo et al.,
2016). As mentioned, PPARγ is a key transcriptional regulator of adipogenesis and its forced
overexpression, even in non-adipose cells, increases the expression of genes involved in lipid
accumulation and adipocyte phenotype. Thus, our results suggest that AGPAT2 in mouse
preadipocytes is, somehow, required for PPARγ adipogenic activity.
Following that line of thinking, herein we looked for genes downstream PPARγ and
whose expression levels could be forcedly increased to restore the adipogenic capability of
Agpat2-/- preadipocytes. We choose 2 candidates, Elovl3 and mitoNEET, based on different
criteria.
First, we searched our microarray database for those genes with the largest
downregulated expression level in differentiated brown adipocytes of Agpat2-/- mice in
comparison with wild type cells at day 5 of differentiation and that have known functional
relevance in adipogenic differentiation and/or mature adipocyte function. Figure 13B shows the
top 20 genes with the greater decreased expression level. Among them highlight UCP1 as the
top 1 gene, Ffar4, Cidea and Elovl3.
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FIGURE 19: Elovl3 and mitoNEET levels are lower in differentiated brown adipocytes of
Agpat2-/- mice in comparison with wild type cells. (A) Elovl3 mRNA levels normalized to
36b4 and expressed as relative fold changes to wild type mice at day 3. (B) mitoNEET mRNA
levels normalized to 36b4 and expressed as relative fold changes to wild type mice at day 0. (C)
Representative immunoblot of mitoNEET and tubulin of differentiated brown adipocytes of
wild type and Agpat2-/- mice at days 0, 1, 2, 3, 4 and 5 of differentiation and immunoblot
quantification of mitoNEET, expressed as fold-change relative the levels of wild type mice at
day 0 of differentiation and normalized to tubulin levels. (D) Representative immunoblot of
mitoNEET and CoxIV in iBAT of wild type and Agpat2-/- mice at days 0, 1, 2, 3, 4 and 5 after
birth and immunoblot quantification of mitoNEET, expressed as fold-change relative the levels
of wild type mice at day 0 after birth and normalized to tubulin levels. Data are expressed as
mean ± SD (N=3 per genotype). *p < 0.05 denote statistically significant differences between
wild type and Agpat2-/- at the same day of differentiation or after birth, # p < 0.05 denotes
statistically significant differences in comparison with day 0 in the same genotype. p values
were calculated using two-way ANOVA.
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Although UCP1, Cidea and Ffar4 are markers for mature brown adipocyte phenotype,
their known function appears to be more a consequence rather than a cause, or a regulator, of
adipogenesis. In fact, Cidea has roles in LDs maturation by transferring lipids between these
LDs of different sizes (Barneda et al., 2015). Ffar4 has been described as a n-3 polyunsaturated
fatty acid (PUFA) receptor and modulates inflammation and glucose sensitivity in white
adipocytes (Kim et al., 2016). Finally, UCP1 functions are mostly dedicated to thermogenic
activity.
By contrast, Elovl3 catalyzes the elongation of C16, C18, or C20 saturated and
monounsaturated very long-chain fatty acids (VLCFAs) and is expressed mainly in BAT
(Jakobsson, et al. 2005; Shapira et al., 2019). Therefore, it is an attractive candidate to modulate
PPARs transcriptional activity by generating fatty acid-PPAR lipid ligands that might be
important for the regulatory activity of these nuclear receptors in the context of an ongoing
brown adipogenic differentiation.
In fact, Elovl3 mRNA levels increase more than 200-fold in iBAT of animals exposed
to cold, a physiological stimuli for brown adipogenesis in vivo (Tvrdik et al., 1997). Importantly,
Elovl3 is transcriptionally regulated by PPARγ, and in turn, VLCFAs produced by Elovl3 may
activate the expression of PPARγ (Kobayashi et al., 2012).
In agreement with our microarray data, Elovl3 mRNA remained unchanged in
differentiated brown adipocytes of Agpat2-/- mice in comparison with undifferentiated cells and
were lower than in wild type differentiated adipocytes (Figure 19A). Since no commercial
antibodies are available for mouse Elovl3 detection, we could not quantify the levels of this
protein in our experiments.
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In addition to Elovl3, we also intended to evaluate whether proteins important for
mitochondrial function and previously associated to adipogenesis could revert the adipogenic
failure of Agpat2-/- adipocyte.
MitoNEET is a protein located in the OMM that was originally described as a target of
the thiazolidinedione pioglitazone (Colca et al., 2004). Its known function is to transport ironsulfur clusters into the mitochondria and is a modulator of mitochondrial electron transport and
lipid metabolism (Tamir et al., 2015).
Selective overexpression of mitoNEET in adipocytes produces massive increase of
adipose tissue mass in ob/ob mice, but paradoxically normalization of insulin resistance and
diabetic phenotype in these animals, owing to an improved mitochondrial functioning and
decreased lipotoxicity. Conversely, suppression of mitoNEET expression in vitro produces a
profound mitochondrial alteration in hepatocytes, mouse embryonic fibroblasts (MEFs) and
3T3-L1 cells, a cell line with adipogenic potential (Kusminski et al., 2014).
Similar to Elovl3, we found that mitoNEET mRNA levels were significantly lower in
differentiated brown adipocytes of Agpat2-/- mice at days 5 and 7 of differentiation, in
comparison with wild type cells (Figure 19B). On the other hand, the abundance of mitoNEET
protein was also lower in differentiated brown adipocytes of Agpat2-/- mice in comparison with
wild type cultures, although these differences were less marked than at the mRNA level (Figure
19C). We also quantified mitoNEET protein in the iBAT of newborn mice. In the first two days
after birth, Agpat2-/- and wild type mice had equivalent abundance of mitoNEET but they were
lower at the third day in Agpat2-/- mice (Figure 19D).
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Again, the absolute magnitude of these differences at the protein level in iBAT were
small; however, since the sole transgenic overexpression of mitoNEET in mice was sufficient
to increase adipose tissue mass and improve mitochondrial function in obese mice, we decided
to move forward to overexpression experiments in our cell culture model of adipogenesis.
Elovl3 and mitoNEET levels were forcedly increased by infection with recombinant
adenovirus generated by us in this thesis. An adenovirus encoding LacZ was used as a control
of infection. With these adenoviruses, designated as Ad Elovl3 and Ad mitoNEET we evaluated
whether the forced expression of these gene products was able to improve brown adipogenic
differentiation in Agpat2-/- preadipocytes.
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4.2.2. Forced expression of Elovl3 and mitoNEET does not increase lipid droplets
accumulation in differentiated brown adipocytes of Agpat2-/- mice.
As shown in Figure 20A, Elovl3 mRNA levels were ~4-fold higher in Agpat2-/- brown
adipocytes infected with Ad Elovl3, in comparison with Agpat2-/- adipocytes infected with an
adenovirus encoding LacZ (day 5 of differentiation). No differences in the mRNA levels of
Elovl3 were observed between wild type and Agpat2-/- adipocytes infected with Ad Elovl3 (data
not shown), indicating that infection with Ad Elovl3 was able to reverse the decreased levels of
Elovl3 in differentiated brown adipocytes of Agpat2-/- mice, at least at the mRNA level.
Wild type brown adipocytes infected with Ad Elovl3 presented ~80% of cells laden with
LDs at day 5 and 7 of differentiation, and this proportion was not different from the one in wild
type cells infected with Ad LacZ, indicating that the sole overexpression of Elovl3 is not
sufficient to increase the content of LDs in differentiated brown adipocytes.
Differentiated brown adipocytes of Agpat2-/- mice infected with Ad Elovl3 or Ad LacZ
had ~40% of cells laden with LDs, and no differences were observed in this proportion between
Agpat2-/- infected with either adenovirus (Figure 20B and 20C), indicating that overexpressed
Elovl3 does not reverse the adipogenic failure of Agpat2-/- adipocytes.
Infection of Agpat2-/- adipocytes with Ad mitoNEET increased the abundance of
mitoNEET mRNA by ~10-fold higher in Agpat2-/- cells in comparison with Agpat2-/- cells
infected with Ad LacZ at days 3 and 5 of differentiation, resulting in equivalent mitoNEET
mRNA levels in differentiated brown adipocytes of wild type and Agpat2-/- mice (data not
shown).
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Forced expression of mitoNEET did not increased the proportion of LDs laden cells in
both with wild type and Agpat2-/- adipocytes in comparison with the cells of the same genotype
but infected with Ad LacZ, and thus did not rescue Agpat2-/- adipocytes adipogenic failure
(Figure 21B and 21C).
These results indicate the sole overexpression of Elovl3 or mitoNEET is not sufficient
to restore the number of cells with lipid droplets in differentiated Agpat2-/- brown adipocytes.
Combining with our previously published result that PPAR overexpression also failed to
improve adipogenesis in preadipocytes lacking AGPAT2, we hypothesize that the absence of
AGPAT2 determines either the lack of an endogenous activator of PPAR or promotes a state
of cellular “resistance” to the actions of this nuclear receptor.
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FIGURE 20: The forced overexpression of Elovl3 does not restore lipid droplets
accumulation in differentiated brown adipocytes of Agpat2-/- mice. (A) Elovl3 mRNA levels
of differentiated brown adipocytes of Agpat2-/- mice infected with Ad Elovl3. Data were
normalized to 36b4 and expressed as relative fold changes to Agpat2-/- Ad Elovl3 at day 0. (B)
Quantification of cells with lipid droplets (BODIPY) in differentiated brown adipocytes of wild
type and Agpat2-/- mice infected with Ad Elovl3. Automated imaging analysis included
~130,000 cells in total. (C) Representative images of neutral lipid (BODIPY, green) and nuclei
(Hoechst 33342, blue) staining in differentiated brown adipocytes of wild type and Agpat2-/mice infected with Ad Elovl3, at days 0, 3, 5 and 7 of differentiation. Scale bar 100 µm. Data
are expressed as mean ± SD (n=3 per genotype). *p < 0.05 denote statistically significant
differences between differentiated brown adipocytes of wild type and Agpat2-/- mice at the same
day of differentiation, # p < 0.05 denotes statistically significant differences in comparison with
day 0 in the same genotype. p values were calculated using two-way ANOVA.
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FIGURE 21: The forced overexpression of mitoNEET does not restore lipid droplets
accumulation in differentiated brown adipocytes of Agpat2-/- mice. (A) mitoNEET mRNA
levels of differentiated brown adipocytes of Agpat2-/- mice infected with Ad mitoNEET. Data
were normalized to 36b4 and expressed as relative fold changes to Agpat2-/- Ad mitoNEET at
day 0. (B) Quantification of cells with lipid droplets (BODIPY) in differentiated brown
adipocytes of wild type and Agpat2-/- mice infected with Ad mitoNEET. Automated imaging
analysis included ~130,000 cells in total. (C) Representative images of neutral lipid (BODIPY,
green) and nuclei (Hoechst 33342, blue) staining in differentiated brown adipocytes of wild type
and Agpat2-/- mice infected with Ad mitoNEET, at days 0, 3, 5 and 7 of differentiation. Scale
bar 100 µm. Data are expressed as mean ± SD (n=3 per genotype). *p < 0.05 denote statistically
significant differences between differentiated brown adipocytes of wild type and Agpat2-/- mice
at the same day of differentiation, # p < 0.05 denotes statistically significant differences in
comparison with day 0 in the same genotype. p values were calculated using two-way ANOVA.
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4.3. Palmitic acid overload determines excessive cell death in differentiated brown
adipocytes of Agpat2-/- mice.
Agpat2-/- mice completely loss adipose tissue during the first week of life as a
consequence of selective adipocytes cell death and adipose tissue inflammation (Cautivo et al.,
2016). In addition, adult Agpat2-/- mice have increased plasma levels of triglycerides (Cortés et
al., 2009). Herein we hypothesize that adipocytes of Agpat2-/- in mice die because of inability
to adapt to the elevated levels of circulating fatty acids in the days that follow birth. To evaluate
this possibility, we first quantified plasma levels of saturated, monounsaturated and
polyunsaturated fatty acids at different ages after birth in these mice. Given the scarce amount
of blood that can be retrieved from individual animals at this age, we determined fatty acid
composition by gas–liquid chromatography in pooled mouse plasma samples.
As shown in the Figure 22 and Table 1, circulating levels of saturated, monounsaturated
and polyunsaturated fatty acids in Agpat2-/- and wild type mice are equivalent at the day of birth.
Importantly, as soon as the second day post partum, Agpat2-/- mice have a marked increase in
all measured fatty acid species, and this difference is maintained to the fourth day after birth.
In particular, levels of palmitic acid, a saturated 16-carbon fatty acid with known cellular
toxicity by activating apoptotic mechanisms (Paumen et al., 1997) and that has been implicated
in insulin resistance in vivo (Paumen et al., 1997), are ~6-fold higher in Agpat2-/- mice in
comparison with wild type animals on days 2 and 4 after birth (Figure 22D). To evaluate the
effects of elevated palmitic acid on the viability of differentiated Agpat2-/- adipocytes, we
exposed cell cultures of undifferentiated preadipocytes (day 0 of differentiation) and
differentiated brown adipocytes (day 5 of differentiation) to growing concentrations of palmitic
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FIGURE 22: Levels of saturated, monounsaturated and polyunsaturated fatty acids are
markedly increased in Agpat2-/- mice. Graphs of total levels of (B) saturated, (C)
monounsaturated, (D) polyunsaturated fatty acids and (E) palmitic acid of wild type and Agpat2/mice at days 0, 2, and 4 after birth. Between 2 to 8 animals were used per genotype (pool).
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Post-natal days [µg/mL]
P2.5

P0.5
+/+

Saturated Fatty Acids
C10:0 Capric acid
C12:0 Dodecanoic acid
C14:0 Tetradecanoic acid
C16:0 Palmitic Acid
C18:0 Stearic acid
C20:0 Eicosanoic acid
C22:0 Docosanoic acid
C24:0 Tetracosanoic acid
Total Saturated Fatty Acids
Monounsaturated fatty acids
C12:1 Dodecenoic acid
C14:1 Tetradecenoic acid
C16:1 Palmitoleic acid
C18:1 Oleic acid
C20:1n9 Eicosaenoic acid
C22:1n9 Erucic acid
C24:1 Tetracosaenoic acid
Total Monounsaturated Fatty Acids
Polyunsaturated Fatty Acids
C18:2n6 Linoleic acid
C18:3n6 Linolenic acid
C18:3n3 Linolenic acid
C20:2n6 Eicosadienoic acid
C20:3n6 Eicosatrienoic acid
C20:3n3 Eicosatetrienoic acid
C20:4n6 Eicosatetraenoic acid
C20:5n3 Eicosapentaenoic acid
C22:2n6 Docosadienoic acid
C22:4n6 Docosatetranoic Acid
C22:5n3 Docosapentaenoic Acid
C22:6n3 Docosahexaenoic acid
Total Polyunsaturated Fatty Acids

-/-

+/+

-/-

P4.5
+/+

Agpat2
n =2

-/-

Agpat2
Pool n =8

Agpat2
Pool n =6

Agpat2
Pool n =2

Agpat2
Pool n =3

Agpat2
Pool n =2

0,0
15,5
84,2
658,2
211,4
11,8
7,1
3,7
991,9

0,0
12,9
38,8
453,0
180,0
4,9
3,7
0,0
693,4

17,2
54,5
202,6
1082,9
471,5
18,2
4,4
0,0
1851,3

138,9
520,1
1274,0
5708,4
725,1
26,8
15,1
14,8
8423,2

10,0
33,9
134,3
665,3
286,5
12,6
5,8
0,0
1148,4

106,2
393,0
1071,8
4278,2
623,1
28,3
13,4
15,9
6529,9

0,0
0,0
125,9
1394,3
35,4
9,8
6,4
1571,7

0,0
0,0
63,5
647,2
15,4
30,8
3,7
760,6

0,0
0,0
186,9
1288,1
69,0
52,1
8,2
1604,2

0,0
40,9
1113,3
5517,9
172,4
43,5
36,4
6924,4

0,0
0,0
112,3
981,2
42,7
25,1
10,8
1172,0

4,5
34,0
831,8
4099,2
134,7
42,3
38,3
5184,7

669,4
8,8
173,1
7,1
7,7
0,0
106,4
113,1
0,0
6,1
22,2
101,7
1215,5

310,0
4,3
50,5
3,1
3,7
0,0
71,5
32,7
0,0
3,7
7,4
45,6
532,5

465,9
21,3
42,0
6,3
25,1
0,0
219,4
63,4
0,0
4,4
18,8
159,3
1026,1

2739,6
137,6
173,0
95,1
158,6
8,0
623,8
222,3
0,0
86,4
136,7
536,4
4917,4

471,5
11,7
77,8
10,4
25,7
0,0
178,8
111,1
0,0
2,4
23,6
164,1
1077,0

2089,5
89,9
192,8
79,9
130,0
2,2
464,3
290,0
0,0
54,4
92,0
333,7
3818,6

TABLE 2: Levels of saturated, monounsaturated, polyunsaturated fatty acids in plasma of wild
type and Agpat2-/- mice at days 0, 2, and 4 after birth. Between 2 to 8 animals were used per
genotype (pool).
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acid (0, 250, 500, 750 and 1000 µM) for 12 hours and determined cellular ability to reduce MTT
and the amount of LDH released to culture media, as indicators of cell viability/death.
As shown in Figure 23, at day 0 of differentiation, Agpat2-/- and wild type preadipocytes
viability is equally sensitive to the increased levels of palmitic acid, since no differences in MTT
reduction or release of LDH to the media were found between genotypes (Figure 23A and 23B).
By contrast, at day 5 of differentiation, we found significant differences in the adipocyte
viability. Whereas wild type cells were completely resistant to elevated palmitic acid, in
differentiated brown adipocytes of Agpat2-/- mice, MTT reduction and LDH release were
inversely and directly correlated, respectively, with palmitic acid concentration (Figure 23C and
23D).
We also evaluated cleaved caspase 3 levels in Agpat2-/- and wild type cell cultures at
days 0 and 5 differentiation after incubation with growing concentrations of palmitic acid (0,
500 and 1000 µM). For quantification purposes, we used an automated imaging acquisition
system to identify and count cells that simultaneously have presence of cleaved caspase 3 and
present intense and dense nuclear Hoechst 33342 staining, as a morphological sign of pycnosis
(Anilkumar et al., 2017; Mandavilli et al., 2018).
Using this operative definition for apoptosis, we found that at day 0 of differentiation,
when cells mostly correspond to preadipocytes, Agpat2-/- and wild type cultures were equally
sensitive to palmitic acid-induced apoptosis, with ~25% of apoptotic cells after incubation with
palmitic acid 1000 µM (Figure 24A and 24B). By contrast, at day 5 of differentiation, when
cells are a model of mature brown adipocytes, we found that whereas wild type cells did not
increase the proportion of apoptotic cells at any of the tested concentration of palmitic acid,
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FIGURE 23: Differentiated brown adipocytes of Agpat2-/- mice have increased
susceptibility to palmitic acid-induced cell death at day 5 of differentiation. Viability of cell
cultures of undifferentiated preadipocytes (day 0 of differentiation) and differentiated brown
adipocytes (day 5 of differentiation) measured by MTT reduction (A and C) or release of LDH
to the media (B and D). Cell cultures were incubated with different concentrations of palmitic
acid (0, 250, 500, 750 and 1000 µM) for 12 hours. Data are expressed as mean ± SD (n=3 per
genotype). *p < 0.05 denote statistically significant differences between differentiated brown
adipocytes of wild type and Agpat2-/- mice at the same day of differentiation, # p < 0.05 denotes
statistically significant differences in comparison with day 0 in the same genotype. p values
were calculated using two-way ANOVA.
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FIGURE 24: Activated caspase 3 is not different between differentiated brown adipocytes
of wild type and Agpat2-/- mice at day 0 differentiation but is higher in Agpat2-/- cells at day
5 after incubation with palmitic acid. Quantification of cells with cleaved caspase 3 and
small/dense nuclear staining at (A) day 0 and (C) 5 (n=3 per genotype). Representative
immunofluorescence images staining cleaved caspase 3 (red), neutral lipids with BODIPY
(green) and nuclei with Hoechst 33342 (blue) of differentiated brown adipocytes of wild type
and Agpat2-/- mice at (B) day 0 and (D) 5 of differentiation. Scale bar 20 µm. Cell cultures were
incubated with different concentrations of palmitic acid (0, 500 and 1000 µM) for 12 hours
before images capture. Automated imaging analysis included ~175,000 cells in total. Data are
expressed as mean ± SD. *p < 0.05 denote statistically significant differences between
differentiated brown adipocytes of wild type and Agpat2-/- mice at the same day of
differentiation, # p < 0.05 denotes statistically significant differences in comparison with day 0
in the same genotype. p values were calculated using two-way ANOVA.
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apoptotic cells were significantly more abundant in Agpat2-/- adipocytes incubated with palmitic
acid 1000 μM in comparison with those incubated with not palmitic acid (Figure 24C and 24D).
The discrepancy between MTT and LDH results, that suggested a much higher
proportion of cell death in Agpat2-/- differentiated adipocytes after palmitic acid incubation than
the one suggested by apoptosis detection based on cleaved caspase 3/nuclear changes, lead us
to investigate a third method for cell death determination. Cytochrome c, a component of the
mitochondrial electron transport chain, is normally located in the mitochondrial intermembrane
space. Upon apoptosis, cytochrome c detaches from mitochondrial phospholipid cardiolipin and
diffuses into the cytosol through OMM pores. In the cytosol, it triggers several mechanisms of
apoptosis, including caspases 3 and 7 activation and massive release of endoplasmic reticulum
calcium (Singh, et al., 2019).
For this additional method, we defined apoptotic cells by a combination of intense
cytosolic cytochrome c and intense/dense nuclear Hoechst 33342 staining. Imaging analysis was
also performed by an automatic system (see “Methods” section for details).
Similar to the results with caspase 3 and MTT and LDH determination (Figure 23 and
24), we found that, based on cytochrome c changes, at day 0 of differentiation palmitic acid
1000 µM significantly increased the frequency of apoptotic cells, with a ~ 25% of apoptotic
cells and no differences noted between wild type and Agpat2-/- cells (Figure 25A and 25B). By
contrast, at day 5 of differentiation, palmitic acid exclusively increased the proportion of
apoptotic cells in differentiated brown adipocytes of Agpat2-/- mice (Figure 25C and 25D)
whereas differentiated brown adipocytes of wild type were completely resistant to palmitic acidinduced cell death. However, it is important to note that differentiated brown adipocytes of
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FIGURE 25: Palmitic acid increases cytosolic cytochrome c in preadipocytes of both
genotypes, but only in differentiated brown adipocytes of Agpat2-/- mice at day 5 of
differentiation. (A) and (C) quantification of cells with cytochrome c and small/dense nuclear
staining at days 0 and 5 of differentiation (n=3 per genotype). (B) and (D) are representative
immunofluorescence images staining cytochrome c (red), neutral lipids with BODIPY (green)
and nuclei with Hoechst 33342 (blue) of differentiated brown adipocytes of wild type and
Agpat2-/- mice at days 0 and 5 of differentiation. Scale bar 20 µm. Cell cultures were incubated
with different concentrations of palmitic acid (0, 500 and 1000 µM) for 12 hours. Automated
imaging analysis included ~65,000 cells in total. Data are expressed as mean ± SD. *p < 0.05
denote statistically significant differences between differentiated brown adipocytes of wild type
and Agpat2-/- mice at the same day of differentiation, # p < 0.05 denotes statistically significant
differences in comparison with day 0 in the same genotype. p values were calculated using twoway ANOVA.
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Agpat2-/- mice were also, partially resistant to lipotoxic cell death, as palmitic acid (1000 M)
only increased the proportion of apoptotic cells to ~10%. Therefore, our results indicate that
differentiated brown adipocytes of Agpat2-/- mice are more sensitive to lipotoxic cell death than
wild type adipocytes, possibly owing to their relative incapacity to store fatty acids esterified in
LDs triglycerides. In fact, it has been reported that defects in LDs formation determine
accumulation of saturated membrane glycerolipids that trigger ER stress and cell death
(Olzmann et al., 2018).
Finally, to contextualize the above in vitro observations with the situation in vivo, where
adipocytes in newborn Agpat2-/- mice suffer massive death in association with severe
hypertriglyceridemia, we assessed apoptosis in the iBAT of newborn mice.
We found a significant increase in the levels of both total caspase 3 and cleaved caspase
3 in the iBAT of Agpat2-/- mice 2 days after birth, by confocal microscopy and western blotting,
in comparison with wild type mice of the same age (Figure 26A and 26B). Importantly, while
the ratio between active and total caspase 3 remained unchanged in the iBAT of wild type mice
as the animals age, this ratio progressively increased in the Agpat2-/- mice, suggesting further
apoptosis of brown adipocytes in these animals.
Taken as a whole, our results indicate that Agpat2-/- brown adipocytes are sensitive to
lipotoxicity unlike wild type adipocytes, and that this mechanism can have a role in the loss of
iBAT in Agpat2-/- mice after birth.
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FIGURE 26: Activated (cleaved) caspase 3 is increased in the iBAT of Agpat2-/- mice at the
second post-natal day. (A) Representative immunoblot of cleaved caspase 3 and caspase 3 total
in iBAT of wild type and Agpat2-/- mice at days 0, 1 and 2 after birth and immunoblot
quantification of cleaved caspase 3, expressed as fold-change relative the levels of wild type
mice at day 0 after birth and normalized to total caspase 3 levels (n=3 per genotype). (B)
Representative immunofluorescence images staining cleaved caspase 3 (red), neutral lipids
(BODIP, green) and nuclei (Hoechst 33342, blue) in the iBAT of wild type and Agpat2-/- mice
at days 0 and 2 after birth. Data are expressed as mean ± SD. *p < 0.05 denote statistically
significant differences between wild type and Agpat2-/- at the same day after birth, # p < 0.05
denotes statistically significant differences in comparison with day 0 after birth in the same
genotype. p values were calculated using two-way ANOVA.
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In summary, the results of this thesis show that differentiated Agpat2-/- brown adipocytes
have a lower proportion of lipid-laden cells with decreased levels of transcription factors
PPARγ, PPARα, C/EBPα and PGC1α and of the markers of mature adipocytes UCP1, Adipoq,
Cidea and Plin1. Along with the above, differentiated Agpat2-/- brown adipocytes at day 5 of
differentiation show an altered mitochondrial morphology, a high expression of ISGs and an
increase in sensitivity to lipotoxicity by palmitic acid. On the other hand, the ectopic expression
of Elovl3 and mitoNEET in Agpat2-/- preadipocytes is not able to restore the population of cells
with lipid drops with respect to the wild type.
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5. Discussion.
5.1. Considerations of the quantitative analysis of lipid-laden adipocytes and the
evaluation of the adipogenic markers in the primary cultures of brown preadipocytes of
Agpat2+/+ and Agpat2-/- mice.
The quantification of lipid-laden adipocytes by an automated imaging system evidences
a lower population of lipid-laden cells in the Agpat2-/- cultures compared to the wild type.
Leaving aside that the cause of this is a differential proportion of adipogenic precursors, it is
observed that in both genotypes there are two populations, one that differentiates in lipid-laden
cells, and another that does not. This phenomenon, which occurs in MEFs of Agpat2-/- and
Agpat2+/+ (Cautivo et al., 2016), pre-adipocyte 3T3-L1 cell culture line (Diep et al., 2018), as
well as in practically all differentiations of mouse and human preadipocytes, is inherent in
adipogenic differentiation in vitro. The cause is unknown, however experimental evidences of
measurements in individual cells by atomic force microscopy (AFM) suggest that in vitro
adipogenesis is probably generated in cells as an all-or-nothing phenomenon (Labriola et al.,
2015). On the other hand, similar to our wild type cultures, the adipogenic differentiations of
other studies show that adipocytes present in cell cultures do not reach 100% in vitro (Diep et
al., 2018). The reason is that the optimal differentiation protocol is not being used. However,
the high variability in literature of the composition and incubation times, of the adipogenic
differentiation media (Wang et al., 2018), makes it difficult to develop an optimal protocol. In
this thesis the protocol originally used was modified because it did not induce the expression of
the UCP1 marker, despite being described as a brown adipogenic differentiation protocol
(Gerhart-Hines et al., 2013).
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Given the above, it is relevant to take into consideration the impact of the different
populations in the comparative analysis of western blotting and mRNA levels of the adipogenic
markers between the cell cultures of Agpat2+/+ and Agpat2-/- mice. For example, PPARγ protein
and mRNA levels decrease by day 5 of differentiation in Agpat2-/-, but not in all cells, there are
cells that express PPARγ and others that do not. While this might indicate that there is a group
of cells in Agpat2-/- that normally differentiates, this is not the case. UCP1 levels are
undetectable in Agpat2-/-, indicating that PPARγ lipid-laden cells are abnormal. In addition,
TEM results show that lipid-laden cells in Agpat2-/- have abnormal mitochondria.
To overcome this limitation, both populations must be analyzed separately. It has now
been described that physical separation by density is sufficient to isolate the cells that carry
lipids (Benador et al., 2018). Also, by means of microscopy it is possible to identify the cells
that load lipids, however, the limitation of the technique is given by the available markers.
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5.2. Causes of impaired adipogenesis in Agpat2-/- cultures.
Adipogenesis is a highly complex process, which unlike other differentiations such as
osteogenesis, involves the expression and repression of genes, as well as the remodeling of
chromatin (Rauch et al., 2019). Therefore, to understand the implications of the absence of
AGPAT2 in the primary cultures of brown preadipocytes, in this section of the discussion we
will sequentially analyze the implications of the alterations in the transcription factors, together
with other phenomena that could be affecting the differentiation adipogenic.
PPARγ, master regulator of adipogenesis that promotes brown differentiation by
forming a complex with PRDM16 and C/EBPβ (Seale et al., 2008) and binds to a regulatory
enhancing region distant from the UCP1 gene (Villarroya et al., 2017), it is present in the cells
with lipid droplets and absent in the cells that do not have them, suggesting that its expression
allows the accumulation of lipid droplets in both Agpat2-/- and wild type cells. However, the
lower number of cells with lipid droplets is not only due to a lower expression of PPARγ in
Agpat2-/- cultures, since the ectopic expression of PPARγ in MEFs Agpat2-/- cultures, does not
restore the failed adipogenesis (Cautivo et al., 2016). In addition, the induction of PPARγ with
rosiglitazone can reverse the failed adipogenesis related to its lower expression (Liu et al.,
2019). While these results do not suggest that failed adipogenesis is caused only by the low
expression of PPARγ, it is not ruled out that post-translational modifications, such as
phosphorylation, SUMOylation, Acetylation, Ubiquitination and O-GlcNAcylation, are altering
their function in these cultures (de sá et al., 2017; Brunmeir et al., 2018).
In the case of PRDM16, which acts together with PPARγ and C/EBPβ as a key
transcriptional co-regulator for brown adipogenic differentiation (Seale et al., 2007, 2008), it
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does not show differences at the protein level in Agpat2-/- cultures. However, the limitation of
only measuring the expression of PRDM16 is that it does not fully demonstrate its function. For
example, it has been described that PRDM16 interacts with mediator complex subunit 1
(MED1) by remodeling chromatin and allowing the expression of genes related to brown
differentiation as well as the expression of UCP1 (Harms et al., 2015; Iida et al., 2015). In
addition, a wide range of microRNAs modulate PRDM16, either increasing or decreasing its
activity: mIR-133, mIR-27, mIR-150 and mIR-499 inhibit its expression and Mir193b-365
potency (Chi et al., 2016; Jiang et al., 2018).
C/EBPβ, which forms a complex with PPARγ and PRDM16, allows the expression of
brown adipogenesis genes and interacts with a proximal regulatory region of UCP1 (Seale et
al., 2008; Villarroya et al., 2017), increases its expression at 4 hours after adipogenic induction
in 3T3-L1 cells (Salma et al., 2004), indicating that its main adipogenic function is initially
performed in the differentiation process as well as PRDM16 and PPARγ. Therefore, the
alteration of C/EBPβ protein levels at day 3 may be a consequence and not the cause of the
failed differentiation in these cultures. In any case, as in PRM16 and PPARγ, the absence of
significant differences in expression levels does not exclude the existence of other processes
associated with C/EBPβ that may be playing a fundamental role in their function.
The expression of C/EBPα is triggered by PPARγ (Elberg, 2000), and it has been
reported that together they are able to synergistically activate key genes of white adipogenesis
(Zuo et al., 2006; Madsen et al., 2014). However, in the mouse Cebpa-/-, iBAT are relatively
unaffected, indicating that its absence is not critical for brown differentiation in vivo (Linhart et
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al., 2001). This suggests that the low levels of C/EBPα in Agpat2-/- cultures may be caused by
the lower levels of PPARγ.
The low levels of PPARα in Agpat2-/- cultures can be explained in part because their
expression is regulated by PPARy (Shapira et al., 2019), as well as by PRDM16 (Harms et al.,
2015) and EBF2 (Shapira et al., 2017). The main effect of the low expression of PPARα is in
PGC1α, since it induces its expression in differentiated brown adipocyte cultures generating an
increase in the expression of UCP1 (Hondares et al., 2011). However, brown adipocytes without
PPARα have normal levels of UCP1 (Lasar et al., 2018).
Next, in the adipogenic differentiation arises the transcriptional coactivator PCG1α,
which has a central role in mitochondrial biogenesis and in cold-induced thermogenesis. As
indicated above, its expression is mainly regulated by PRDM16, PPARα and PPARγ, partly
explaining its low levels in Agpat2-/- cultures. The main effect of PGC1α would be on the low
levels of UCP1. PGC1α acts at the UCP1 promoter gene in the exposure to cold, so that deficient
brown adipocytes of PGC1α have reduced levels of UCP1, thus failing in thermogenic
activation, but not in brown adipogenic differentiation (Lin et al., 2004; Uldry et al., 2006).
Interestingly, along with the low expression levels of adipogenic transcriptional factors,
the expression of ISGs is strongly induced in Agpat2-/- cultures at day 5 of differentiation. The
relationship between the increase in ISGs and the inhibition of adipogenesis has been described
in 3T3-L1 cell lines, where adipose differentiation is inhibited in the presence of IFN-α by
decreasing the expression at the protein level of PPARγ, C/EBPα and C/EBPβ, being the
deletion of STAT1 sufficient to counteract this inhibition (Lee et al., 2016). Also primary iWAT
preadipocytes differentiated in the presence of IFNα severely inhibited lipid accumulation,
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decreasing the expression of Fabp4, PPARγ and C/EBPα (Liu et al., 2019). Along with this, the
absence of PRDM16, which suppresses IRF1, increases the sensitivity of cultures of brown
preadipocytes to INFα (Kissig et al., 2017) and that of ATF7, which binds directly to the Stat1
promoter, stimulates the expression of ISGs and inhibits adipogenesis (Liu et al., 2019).
However, the exposure of brown preadipocytes to INFα does not inhibit adipogenesis,
maintaining the levels of PPARγ2 and Fabp4 similar to the untreated control (Kissig et al.,
2017). Our results show that, although there is an increase in ISGs, there is no increase in
STAT1/2 levels in Agpat2-/- cultures at days 0, 3, 5 and 7 of differentiation compared to wild
type. This may be due to the fact that STAT1/2 could be activating briefly in the hours after
induction of differentiation (day 1-2), as occurs in 3T3-L1 cells treated with INFα (Lee et al.,
2016). Independent of this, to determine if ISGs play a fundamental role in inhibiting
differentiation, other studies must be carried out.
It should be noted that although there is a strong decrease in several key transcription
factors in adipogenesis, there are lipid-laden cells in Agpat2-/- cultures. However, UCP1 is
undetectable and the markers of mature adipocytes Cidea, Adiponectin and Perilipin1 are
strongly diminished at day 5 in Agpat2-/- cultures.
In the case of UCP1, its absence could be caused both by the low levels of PGC1α, as
well as by the low expression of its PPARα and PPARγ inducers. However, the transcriptional
problem does not explain the total absence of UCP1 in Agpat2-/- cultures, because in models
where transcription factors are strongly affected, there is at least a low expression of UCP1
(Seale et al., 2008). Interestingly, several transporters of the large family of nuclear-encoded
transporters embedded in the inner mitochondrial membrane SLC25 (solute carrier 25), to which
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UCP1 (SLC25A7) belongs, are diminished (Slc25a19, Slc25a20, Slc25a23, Slc25a34, Slc25a35
and Slc25a42). This, together with the low expression of Cox7a1 and Cox8b, indicates that the
absence of UCP1 is not only due to transcriptional problems that affect its expression, but also
due to a problem of mitochondrial integrity that could be affecting its presence in mitochondria
of Agpat2-/- cultures. On the other hand, when β-adrenergic stimulation occurs, the expression
of UCP1 is strongly triggered by PGC1α and PPARα, and its transport activated by the release
of fatty acids from the lipid droplet, however and consistent with transcriptional (PPARα and
PGC1α) and mitochondrial problems, our results show that in Agpat2-/- cultures at day 5 of
differentiation stimulated with isoprenaline, there is no increase in UCP1 mRNA levels similar
to wild type, indicating that the system is unable to respond to this stimulus.
Interestingly, unlike the Agpat2-/- cultures at day 5 of differentiation, in the mice the
levels of UCP1 in iBAT in Agpat2-/- are similar to the wild type until day 3 after birth, both at
the mRNA level and of protein (Cautivo et al., 2016). Although the causes of this phenomenon
are complex, similar phenomena occur in other murine models. In vitro the absence of PRDM16
in brown preadipocytes inhibits brown adipogenesis, with low expression levels of UCP1,
Cidea, Pgc1α and Elovl3 (Seale et al., 2007), however, in vivo PRDM16 is dispensable for the
development of BAT in embryogenesis (Harms et al., 2014).
Alterations in morphology and mitochondrial markers in Agpat2-/- cultures can be caused
by several effects. The differentiation of brown preadipocytes in the presence of IFNα causes
the levels of UCP1, Cidea and Cox7a1 to be drastically reduced, and although the levels of
mitochondrial DNA are similar to the control, IFN-α has a profound impact on mitochondrial
morphology (Kissig et al., 2017). Also, the absence of UCP1 in animals exposed to adrenergic
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stimulation (4°C) generates mitochondria with highly disorganized crests and in some cases
absent, being extraordinarily sensitive to ROS-induced dysfunction and possesses impaired
ability to buffer calcium. Interestingly, the expression of the markers Ifi204, Ifi205, Ifih1, and
Ddx58, as well as the transcription factors Stat1, Stat2, and Irf3 are increased, however,
exposure to thermoneutrality (30°C) completely eliminates the expression of these markers
(Kazak et al., 2017). On the other hand, mitochondrial DNA stress (mtDNA) enhances the
expression of a subset of interferon-stimulated genes (Ifi44, Ifit1, Ifit3, Oasl2 and Rtp4), and
the expression of cytoplasmic DNA and RNA sensors, such as Ddx58, Ifih1 and the p200 Ifi203,
Ifi204 and Ifi205 family proteins, as well as the transcription factors Irf7, Stat1 and Stat2, similar
to our Agpat2-/- cultures at differentiation day 5 (West et al., 2015). Also, mitochondrial doublestranded RNA accumulation increases the expression of interferon-stimulated genes and other
markers of immune activation (Cxcl10, Ifi44, Tgpt1, Ccl5, Ifit1, Cmpk2 among others) (Dhir et
al., 2018). Considering these phenomena, it is important to determine if the mitochondrial
dysfunction is caused by the increase in the expression of the ISGs caused by transcriptional
problems (similar to those of PRDM16 and ATF7), or if the mitochondrial dysfunction in itself
is the cause of the increase in the expression of the ISGs (Figure 27).
In summary, apparently the main cause that the number of differentiated brown
adipocytes is lower in the Agpat2-/- cultures, are the diminished levels in the transcription factors
PPARγ, PPARα, C/EBPα and PGC1α. On the other hand, although it is not clear that the
increase in ISGs has a fundamental role in the inhibition of adipogenesis, everything indicates
that their presence is related to either causing the mitochondrial dysfunction or the consequence
of it.
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5.3. Lipotoxicity
Our results show that Agpat2-/- animals are born with circulating lipid levels similar to
wild type, however, at day 2 after birth, a strong increase is generated. The cause of this
phenomenon is dual: in lipodystrophy there is an inability to store circulating triglycerides (both
those ingested and those produced endogenously) and the ingestion of breast milk begins. The
alteration in lipid composition of breast milk, which represents the main source of calories and
essential fatty acids for membrane synthesis and neonatal development of the brain (Giovannini
et al., 1991), can have a direct impact on iBAT. It has been observed that maternal HFD feeding
during lactation affected Ucp1 expression in BAT of offspring at weaning (Liang et al., 2016),
indicating that the alteration of circulating lipids in neonatal mice can have a direct impact on
iBAT.
Palmitic acid, which increases drastically in the plasma of neonates Agpat2-/- together
with saturated, monounsaturated and polyunsaturated fatty acids, has been described as a potent
inducer of lipotoxicity in several cell types (de Vries et al., 1997; Paumen et al., 1997).
Consistent with this, when cultures of brown preadipocytes are exposed to high concentrations
of palmitic acid, a significant cell death occurs associated with lipotoxicity in both genotypes.
However, when brown adipocytes are incubated with high concentrations of brown adipocytes
at day 5 of differentiation, it is observed that the Agpat2-/- cultures are more sensitive to the
lipotoxic effect. Since palmitic acid lipotoxicity is mediated by ER stress, which in turn is
diminished by the generation of the lipid drop that occurs in adipocytes (Olzmann et al., 2018),
it would be expected that the cause of Agpat2-/- cultures are more sensitive to lipotoxicity is the
lower proportion of cells with lipid drops. However, in the analyzes of cleaved caspase 3 and
cytochrome c it is observed that not only the cells that do not possess lipid drops are affected by
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the increase of palmitic acid, suggesting that all cells of this culture are significantly more
sensitive to lipotoxicity. There are at least two reasons that could explain the increased
sensitivity in Agpat2-/- cultures. First, it has been described in myoblasts that lipotoxicity caused
by palmitic acid damages mitochondrial DNA and decreases the respiratory rate (Patková et al.,
2014). Given that the mitochondria of the Agpat2-/- cultures at day 5 has an altered morphology
that is associated with a dysfunction, these could be affected to a greater extent than those of the
wild type cultures. Second, it has recently been described that the depletion of RNF213 which
encodes a protein with AAA-ATPase and RING-finger E3 ubiquitin-ligase domains with littleknown function, protects against lipotoxicity and normalizes changes in the expression of
induced genes by palmitic acid (Piccolis et al., 2019). Interestingly, Agpat2-/- cultures present
in the global gene analysis the increase of RNF213 expression (4.2 times to day 5 compared to
wild type), suggesting that basally on day 5, Agpat2-/- cultures are more sensitive to lipotoxicity
by palmitic acid (Figure 28).
On the other hand, cell death caused by high concentrations of palmitic acid at day 0 of
differentiation in both genotypes and at day 5 in Agpta2-/- and evaluated by MTT and LDH, is
significantly higher than that detected by cleaved caspase 3 and cytochrome c. Since
measurements of MTT, which measures viable cells with an active metabolism, and LDH,
which measures the activity of the LDH enzyme that is released into the cell culture medium by
damage to the plasma membrane, are unable to discriminate between different types of cell
death, it is likely that in cell culture are occurring other types of cell death in addition to
apoptosis. In fact, it has been described that the presence of palmitic acid can trigger necrosis in
macrophages through the activation of RIP1/RIP3 (Kim et al., 2017), and pyropoptosis
promoting inflammation and activation of caspase 1 (Wen et al., 2011), suggesting that these
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types of death may also be present. Likewise, in iBAT it is observed that apoptosis is a pathway
of death present in the tissue, however, it is also possible that other types of death are occurring.
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FIGURE 27: Proposed model for impaired adipogenesis in differentiated brown
adipocytes of Agpat2-/- mice. The absence of AGPAT2 induces: (1) lower levels of
transcription factors PPAR, C/EBP, PPARγ and PGC1α, and (2) lower levels of mature
adipocyte markers Cidea and Plin1. In addition, (3) there is an increase in mitochondrial stress
that likely generates a strong decrease in UCP1 levels and increase in the expression of ISGs (4)
(not studied in this thesis but supported by West et al., 2015; Dhir et al., 2018). Increased levels
of ISGs would impact on the adipogenic differentiation by interfering with the transcriptional
control of this process (not studied in this thesis but supported by Kissig et al., 2017). Also, low
levels of Plin5 may cause a decrease of the contact sites of the mitochondria with the lipid
droplets, further impairing mitochondrial and LDs function in these cells. ER: endoplasmic
reticulum; ISGs: interferon-stimulated genes; LD: lipid droplets; UCP1: Uncoupling protein 1.
Tapia et al, unpublished.
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FIGURE 28: Model illustrating the potential causes of lipotoxicity in differentiated brown
adipocytes of Agpat2-/- mice. Palmitic acid enters to the adipocytes by FAT/CD36 transporter
(not studied in this thesis but supported by Abumrad et al., 1993) and can be oxidized in the
mitochondria or esterified and stored in the LDs. When this buffering functions (oxidation and
storage in LD triglycerides) are overpassed, cell death can be triggers by lipotoxic mechanisms
that depend on ER stress and mitochondrial damage (not studied in this thesis but supported by
Zou et al., 2017). ER: endoplasmic reticulum; FAT/CD36: fatty acid translocase/ cluster of
differentiation 36; LD: lipid droplets. Tapia et al, unpublished.
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6. Conclusions.
1.- In the brown adipogenic differentiation of Agpat2-/- cells there is a lower proportion of lipidladen cells and decreased levels of PPARγ, PPARα, C/EBPα and PGC1α compared to the wild
type. Interestingly, levels of brown adipogenic regulators PRMD16 and C/EBPβ remain
unchanged in these cells. In addition, Agpat2-/- brown adipocytes have decreased levels of
markers of mature adipocytes such as Adipoq, Cidea and Plin1.
2.- Differentiated Agpat2-/- brown adipocytes present mitochondria with an altered morphology
at the ultrastructural level, as well as undetectable levels of UCP1 and lower levels of several
genes of mitochondrial transporters with respect to the wild type.
3.- Differentiated Agpat2-/- brown adipocytes have a selective enrichment in the mRNA levels
of genes that are target of interferon type I response. Although the cause of this phenomenon
remains to be determined, it is likely that mitochondrial dysfunction might be implicated. Also,
it is likely that elevated levels of ISGs might interfere with brown adipogenic differentiation in
Agpat2-/- brown adipocytes; however, this remains to be determined.
3.- Ectopic expression of ELOVL3 and mitoNEET in Agpat2-/- cells does not restore the
population of lipid-laden cells similar to the wild type, suggesting that upstream metabolic
and/or transcriptional defects are commanding the adipogenic impairment of Agpat2-/- brown
adipocytes.
4.- Differentiated Agpat2-/- brown adipocytes have an increased sensitivity to lipotoxicity caused
by palmitic acid with respect to the wild type. This increased sensitivity could be caused by the
lower capacity of these cell to store fatty acids in LDs as well as mitochondrial dysfunction that
results in impaired fatty acid oxidation and thus increased exposure to toxic palmitic acid.
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Increased levels of Rnf213 in Agpat2-/- brown adipocytes might also be increasing the lipotoxic
susceptibility of these cells, although this remains to be studied.
5.- The results of this thesis indicate that AGPAT2 is necessary for normal brown adipose
differentiation, since its absence generates a lower proportion of lipid-laden cells; which in turn
have alterations in mitochondrial morphology, an increase in the expression of the ISGs and
sensitivity to lipotoxicity caused by palmitic acid. We believe that the combination of these
mechanisms is the underlying cause of adipocyte destruction that drives lipodystrophy in both
Agpat2-/- mice and CGL1 patients.
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