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Phosphate-Buffered Saline
Phosphoenolpyruvate carboxykinase
Peroxisome proliferator-activated receptor gamma coactivator 1-
alpha

Parathyroid hormone
Phosphoinositide 3-kinase
Phosphatidylinositol 4,5-bisphosphate
Protein kinase (x=A,B,C)

Phospholipase C

Preoptic Area

Polycystic Ovary Syndrome

Protein phosphatase 2A
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PPAR(x=a, B, Y)

PPRE
PRDM16
Pref-1
P/S

PTH
PUFAs
PYY

Rcf
qPCR
RBP4
RGS
RNA
RXR
SIRT(x)
SFA

SI
SMAD3
Src

SRF
SREBP
STAT5A
SVF
SWI/SNF

T2DM
T3

T4
TAB1
TAK1
TBX15
TG
TGFB
TGR5
TH
™ (x)
TNFa
UCP1
VLDL
WAT
WHO
WNT
ZFP423

Peroxisome proliferator-activated receptor (x=alpha, delta,
gamma)

PPARs response element

PRD1-BF-RIZ1 homologous domain containing protein-16
Pre-adipocyte factor 1

Penicillin Streptomycin

Parathyroid hormone

Polyunsaturated fatty acids

Peptide YY hormone

Relative centrifuge force

Quantitative polymerase chain reaction (real time)
Retinol binding protein 4

Regulators of G-protein signaling

Ribonucleic Acid

Retinoid receptor X

Sirtuin (x=1,3)

Saturated fatty acids

Sequence ldentities

Mothers against decapentaplegic homolog 3
Proto-oncogene tyrosine-protein kinase
Transcription factor: serum response factor

Sterol regulatory element-binding protein

Signal transducer and activator of transcription 5A
Stromal Vascular Fraction

SWItch/Sucrose Non-Fermentable nucleosome remodeling
complex

Type 2 Diabetes Mellitus

Triiodothyronine

Tetraiodothyronine

TAK1 binding protein

Transforming growth factor beta-activated kinase 1
T-box transcription factor 15

Triglycerides

Transforming growth factor beta

G protein-coupled bile acid receptor 1

Tyrosine hydroxylase

Transmembrane-spanning a-helices (x=1-7)

Tumor necrosis factor alpha

Uncoupling protein 1

Very low density lipoproteins

White Adipose Tissue

World health organization

Wingless-related integration site transduction pathways
Zinc finger protein 423
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Introduction

1. Obesity and metabolic syndrome

More than a hundred years have passed since the first ideas of homeostatic
regulation under the control of fat mass were exposed (Neumann 1902; Gulick 1922).
Descriptions on the balance between food intake and energy expenditure and their
relationship with the increase in obesity prevalence led to new questions regarding the
mechanisms by which this so called homeostasis was achieved. It still took nearly 40
years for the first definitions of metabolic syndrome (MS) to emerge (Himsworth, 1939;
Vague, 1956; Albrink and Meigs, 1965). Himsworth (1939) first reported insulin
resistance (IR) to be the antecedent of Type 2 Diabetes Mellitus (T2DM). Several long
observational studies and prospective randomized trials were needed before the
association between the excess of fat mass, MS, IR and T2DM was finally established

(Haffner et al., 1990; Ferrannini et al., 1990; Pyo6rala et al., 1998).

Nowadays, the concepts of obesity and MS are the center of attention
regarding public health issues and policies since it is related to most of the main causes
of dead worldwide (i.e. heart failure, T2DM and cancer) (Popkin et al., 2012). Obesity is
a complex metabolic state influenced by genetics, environmental features and lifestyle.
It is defined as an abnormal or excessive fat accumulation that may impair health. The
main index for determining or classifying a patient with obesity is the body mass index
(BMI). BMI is an index of weight-for-height and is obtained from dividing the person’s
weight in kilograms by the square of his/her height in meters (kg/m?2). Based on this
value, a person can be classified as obese when the BMI range is above 30 (BMI>30) for
average height populations or above 25 (BMI>25) for short-heightened populations
(Garcia and Méndez, 2011; Zapata et al., 2016; Ortiz-Dominguez, 2008). The central
characteristic of MS is obesity. As a consequence of this excessive fat, individuals may
develop IR and several cardiopathies such as atherosclerosis or hypertension (Morales-

Villegas et al., 2006; Garcia-Garcia, 2008; Anagnostis et al., 2013; Recio et al., 2018).
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Unfortunately, in the past 30 years the prevalence of this disease has increased
alarmingly. It is estimated by the World Health Organization (WHO, 2018) that almost 2
billion adults and nearly 340 million children present an excess of fat mass accumulation
in the body. Obesity trends for children and adults are shown in figure 1. This second
group of the population is the most preoccupying since a compromised growth and
several other complications are related to excessive fat mass (i.e. polycystic ovary
syndrome (POS) and infertility) (Sam, 2007; de Onis et al., 2010). Obesity and MS
endanger life and compromise life quality by affecting growth, professional
development and even family environmental health (Olaiz-Fernandez et al., 2006). It is
estimated that 75% of adult mortality is related to obesity in those countries with higher
index of prevalence (i.e. USA). This situation is disturbing since the prevalence of the
disease has been increasing without intermission in the majority of the industrialized
populations worldwide. This trend affects in great measure the health status of the
population, especially of those people in an economically active age (situation that
affects in a great extent global macroeconomy) (Garcia-Garcia et al., 2008). For this
reason, the international scientific community has oriented efforts to seek for new

strategies for its treatment and the prevention of its comorbidities (WHO, 2018).

Altogether, this information gives us a hint for focusing research and resources
on the study of potential therapeutic targets for the treatment of obesity. For this
reason, the main responsible tissue for energy storage, the adipose tissue (AT), has been
at the spotlight. To this day the concept of AT has evolved from a simple storage organ
to a multitasked regulatory organ and it is important to study and understand the
processes by which AT modulates hormonal and metabolic status in physiological and

pathological conditions. (Fantuzzi and Mazzone, 2007).
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Figure 1. Global trends of obesity in worldwide population. The upper panel shows the obesity
trends in children, girls and boys, from 1975 to 2016 (Graph obtained and modified from NCD
Risk Factor Collaboration (NCD-RisC). 2017) (a). The lower panel shows adulthood trends in

obesity for women and men (Graph obtained and modified from Malik et al., 2013.) (b).
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2. The Adipose Tissue

We know from not so long ago that the AT plays a major role in energy homeostasis.
Recently, it was revealed that the adipose depots are more than just an inert reservoir
of energy. The correlations of the increased size adipose depots with the appearance of
different metabolic pathologies gave rise to a concept of the AT as an active and

regulatory organ (Ailhaud, 2001; Rosen and Spiegelman, 2014).

Consecutive to this idea, AT is considered as a highly specialized tissue. It stores the
excessive energy consumed to cover periods of energy scarcity but it is also important
for the regulation and response to physiological processes (i.e. nutritional status,
development, appetite control, insulin sensitivity, temperature maintenance and even
reproduction). Abnormalities in AT regulation can lead either to an excess accumulation
of fat, to a redistribution of the adipose depots (lipodystrophy), or to an induced
catabolism like in cachexia. (Ailhaud, 2001; Cinti, 2005; Fantuzzi and Mazzone, 2007).
Fat can be placed at different anatomical sites in the body of an organism and each
depot may develop different specialized functions. The fat mass percentage of an
individual can fluctuate from 20% to 70% and this difference in the amount of fat stored
in the body can be the root in the development of different metabolic pathologies (Cinti,

2005; Fantuzzi and Mazzone, 2007; Rosen and Spiegelman, 2014).

AT is a very heterogeneous tissue not only composed of adipocytes, the anatomical
subunits of the adipose tissue. It also comprises the stromal vascular fraction (SVF)
which is important for AT biology. SVF includes nerve ends, mesenchymal stem cells
(MSCs), T regulatory cells, endothelial precursor cells, macrophages and pre-adipocytes
in distinct differentiation status (figure 2). All of these cell types may play critical roles
in the development of pathologies linked to AT abnormalities (i.e. obesity) (Cinti, 2005).
The last members mentioned, the pre-adipocytes, are the ones that bring plasticity to
the tissue due to their proliferation and differentiation capacity (Dani and Billon, 2012).
AT is a highly dynamic and finely regulated cell population. It is estimated that nearly

50% of the human adipocytes are replaced every 8 years. On the other hand, tissue size
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showed to be related to adipocyte size and differentiated cell number as will be

described later on this section (Spalding et al., 2008).

Adipose Tissue Components “# Pericytes

(\ T) Adipocytes
<~ Adipose Derived Stem Cells

«=» Pre-Adipocytes
> Endotelial & Progenitor Cells

~ Haematopoetic Cells

.~ Monocytes/Macrophages

Figure 2. Adipose tissue constitution. This image shows a small representation of the

AT cell populations (Image obtained and modified from Shukla et al., 2015).

2.1. Adipose Tissue Distribution and Classification

Considering its visual characteristics, AT is divided in two major types: the white
adipose tissue (WAT) and the brown adipose tissue (BAT). These two groups not only
differ in their chromatic appearance, they appear to have opposite functions. (Nicholls
and Locke, 1984; Dani and Billion, 2012; Rosen and Spiegelman, 2014; Moreno-
Navarrete and Fernandez-Real, 2012: Saely et al., 2012). Both types share the ability to
store triglycerides in the form of lipid droplets, however for different purposes. WAT is
the main energy storage tissue. Besides its repository role, it has proven to be related to
a great amount of endocrine functions for the control of intermediate metabolism. BAT
has also shown to accumulate lipid droplets nonetheless to generate heat by dissipating
energy in a process now denominated non-shivering thermogenesis (NST). BAT function
and thermogenesis have also been linked to the maintenance of homeostasis in the

organism (Dani and Billion, 2012; Saely et al., 2012; Rosen and Spiegelman, 2014).
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Some researchers rather prefer to classify WAT in a different manner.
Anatomically, the WAT is localized in several depots along the body of the individual,
either mice or human. These different depots can vary in function and in content during
life but most of the time localization and appearance are consistent. Therefore, another
classification of WAT can be made by localization. This classification divides WAT in two
groups: subcutaneous and visceral. The first one refers to those depots found
underneath the skin while the second one refers to the depots found in between the
inner tissues. Both types of tissues share the main adipogenic characteristics, especially
regarding the expression profiles. However, they differ a lot in their activity and for this
reason sometimes they are considered as different tissues (Gesta et al., 2006; Tchkonia

etal., 2006).

2.2. Mice and human adipose depots distribution

Mice

It is important to mention that the most common model to study the adipose
tissue is the rodent model (Mus musculus and Ratus norvericus, being the first one our
lab’s animal model). They are used to investigate distribution (with special
considerations) and also function. Mice (Mus musculus) and humans’ (Homo sapiens)
ATs share a great spectrum of characteristics but still some differences can be found.
Mice subcutaneous AT is very well defined by the localization. Three segments have
been described; the anterior, dorsal and posterior subcutaneous WAT (a summarized
distribution is presented in table 1 and depicted in figure 3). (Virtanen et al., 2009;
Chusyd et al., 2016). The three segments described and the fact that epididymal WAT is

not present in humans are the main differences between mice and humans.
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Table 1. Brown and White adipose tissue distribution in mice
BAT WAT
Subcutaneous
Posterior: dorsolumbar, inguinal, gluteus.
Dorsal: above interscapular BAT
Anterior: In between the skin and the muscle

Interscapular

Cervical . from the frontal extremities.
Subscapular (axillar) Visceral
Mediastinal
Perirenal Cardiac: surrounding heart
Mesenteric: around intestines
Omental: above stomach
Retroperitoneal: dorsal area
Perigonadal: epididymal and periovaric
BROWN ADIPOSE TISSUE VISCERAL
Cervical WHITE ADIPOSE TISSUE
Interscapular Cardiac
Axillary Omental
Mediastinal / Perirenal
Perirenal ' ' Retroperitoneal
SUBCUTANEOUS Mesenteric
WHITE ADIPOSE TISSUE Gaidal
Anterior (Epidydimal, Periovaric)
Dorsal
Posterior
Dorsolumbar
Inguinal
Gluteal

Figure 3. Distribution of the adipose depots in mice (image taken and updated from

Choe et al., 2016).

Humans

In the case of humans the division is somewhat different. A distribution of
subcutaneous WAT is difficult to determine since almost all the area under the skin can
present a minimal quantity of AT. This is due to the fact that it also serves as an insulating
barrier to keep body temperature. In the case of visceral AT, the distribution and
anatomical classification shares some similarity with rodents. However, epididymal AT
in male rodents, the main visceral adipose tissue analyzed in this model, is not found in
human males. In contrast, omental AT is the main visceral depot in humans but barely

found in rodents.

31



Nonetheless, in the case of BAT, it was well recognized in human newborns due
to its activity regulating temperature at the beginning of life. Unfortunately, this depot
was believed to be inexistent in adults. This knowledge was changed last century when
physicians started to use Positron Emission Tomography for measuring [1sF]- fluoro-
deoxi-glucose uptake (FDG-PET) in the detection and study of tumors. This technique
identified, due to marked glucose, those regions that could be more metabolically
active. At the beginning, clinicians found a marked area close to the chest that appeared
to have an increased metabolic rate and they believed it to be WAT. It was until 2009
that profound results in the study of this tissue confirmed the expression of markers
related to thermogenesis. In addition to this, it was detected that there were different
types of adipocytes coexisting in BAT discovered in adult humans (brown and beige
adipocytes, which will be described later). Finally, the idea of functionally active BAT in
human adults and that this BAT activity inversely correlated with body mass index (BMI)
and age, suggested that there was a downregulation of BAT associated to both
circumstances. (Nedergaard et al., 2007; Cypess et al., 2009; Saito et al., 2009;
Zingarretti et al., 2009). Table 2 briefly describes the distribution of human AT and this

distribution is depicted in figure 4.

Table 2. Brown and white adipose tissue distribution in humans
BAT WAT

Classical Subcutaneous

e Newborn: Interscapular e Abdominal

e  Adult: cervical e Craniofacial

e  Gluteus-femoral

Inducible Visceral

e  Supraclavicular e Mesenteric

e  Paravertebral e  Pericardial

e  Peritirodeal e Omental

e  Mediastinal e Retroperitoneal

e  Perirenal e  Pararenal

e Intermediate-cervical e Perigonadal
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BROWN ADIPOSE TISSUE
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Perirenal
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\ Retroperitoneal Abdominal
\
Omental Gluteal

Mesenteric Femoral

Figure 4. Distribution of the adipose depots in humans (image taken and updated from

Chusyd et al., 2016 and Choe et al., 2016).

Many of the characteristics, functions and metabolic roles of the depots
depend on whether they fall into BAT, WAT or an intermediate type of AT (Beige Adipose
Tissue, which will be described latter in this section). Still, the primary role of AT is to
regulate the nutritional status of the organism and to coordinate responses to achieve
homeostasis. Besides this main job, the different depots of AT complement each other
in other roles. For example, WAT serves as an organ to isolate the inner tissues of the
body in order to help maintain temperature. At the same time, BAT is in charge of the
production of heat to contribute to the temperature maintenance (Zwick et al., 2018).
As for the roles that are typical of each type of tissue, meaning their main characteristics

and potential differences, they are going to be described in the next few pages.

2.3. White Adipose Tissue

Due to evolutionary purposes, organisms have developed the capacity to
sustain life and homeostasis in every life-limiting situation. These situations may include
food scarcity. WAT is the tissue mainly described to store energy (Dani and Billion, 2012).

It is characteristic of this tissue, in comparison with BAT, to house the white adipocytes
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(described in a subsequent section). These adipocytes are the store units of WAT able
to synthesize triglycerides (TG) from free fatty acids (FFA). The synthesized TG are
accumulated as lipid droplets. In periods of fasting or cold exposure, these lipid droplets
are broken down by lipolytic enzymes and produce FFAs and glycerol, metabolites that
will contribute to maintain the organism functions (Rosen and Spiegelman, 2014). The
final decision of an organism to store or to use the available energy will be determined
by the energy balance. This energy balance is resolved by the difference between the
ingested energy (from the diet) and the energy consumed by the organism. It is
estimated that a healthy individual can store an approximate of 0.4 to 0.6 pg of TG in
each adipocyte but a hypertrophic adipocyte can house nearly 1.2 ug. Under any of
these circumstances the lipid droplet occupies around 90% of the cytosolic volume in
these cells. When the maximum amount of lipids has been stored in each cell, the cell
itself helps the proximate fibroblasts to induce proliferation and differentiation in order
to store the extra energy reaching the tissue. As a consequence adipocytes will increase
in number in a process denominated hyperplasia. (Dani and Billion, 2012; Tamucci et al.,
2018). The maximal expression of adipose tissue expansion would be obesity,
pathological condition in which hypertrophy shows the most dangerous secondary
effects (Taube et al., 2012). When it is demanded by the nutritional status, WAT needs
to liberate the stored substrates in order to sustain the main functions of the organism.
Then, WAT derived substrates can reach high metabolically active tissues such as kidney,
liver, heart and muscle under stress conditions, cold exposure or fasting (Saely et al.,
2012; Tamucci et al., 2018). In addition to both, the harvest and the breakdown of
energy, WAT has important hormonal activity and for so, when the activity or the status

of this tissue is altered, metabolic abnormalities can occur (Bays, 2011).

The current lifestyles have led the population to break the equilibrium between
energy ingested and energy consumed. This imbalance is a consequence of a high
availability of rich-energy foods and a decreased need to move. Also, modern cities’
urban planning prevent their citizens to be exposed to harsh weather and temperature
circumstances. This leads to a poor activation of thermogenesis and, as consequence, a
decreased energy expenditure contributing to the development of obesity since early

stages of life (Berthoud, 2012; Mustajoki, 2015).

34



Due to the previously described role of WAT, this tissue is equipped with a
specialized machinery to control assembly (triglyceride synthesis) and the degradation

(lipolysis) of TG.

2.4. Triglyceride synthesis

Triglyceride synthesis results from the set of processes that leads to the
synthesis of fatty acids (FA) and their esterification into triglycerides (TG). Many cell
types are able to process and form TG; however hepatocytes and adipocytes will play
the major role in the control of this procedure (Kersten, 2001). For a great period of
time, it was considered that the TG incorporated in AT were only coming from
lipoproteins sent from other organs (i.e. intestine). It is now well assumed that the
adipocyte is also equipped with the pertinent enzymes for TG synthesis (Gesta and Kahn,

2012).

Upon feeding, lipids from the diet will enter circulation packed as chylomicrons
to be transported all along the body. Feeding also causes an increase in blood glucose,
when this metabolite reaches the liver, it will start de novo lipogenesis to be converted
into TG. These newly synthesized TG will be packaged into very low density lipoproteins
(VLDL) to be transported to other tissues. Both packages of TG (chylomicrons and VLDL)
can reach adipocytes where they can be harvested with other lipids synthesized by this
cell type or they can be transported to other tissues (Strable and Ntambi, 2010). Before
entering the target cells, endothelial cells will trigger a reaction by the enzyme
lipoprotein lipase (LPL) which will convert this TG in non-esterified fatty acids (NEFAs).
When entering the cell as NEFAs they will be broken down to acetyl-CoA units and used

as a metabolic substrate or re-esterified to form TG.

As for de novo lipogenesis in the adipocyte, this process starts with the entrance

of glucose through the specialized glucose transporter 4 (Glut4). Cytosolic glucose will

be metabolized to pyruvate to later be converted to acetyl-CoA (by the pyruvate
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descarboxylase) in mitochondria. This synthesized acetyl-CoA will enter the Krebs cycle
(also known as the Citric Acid Cycle) where one of the intermediates, citrate, will leave
the mitochondria. Once outside the mitochondria, this cytosolic citrate will be
metabolized into acetyl-CoA by the activity of citrate lyase to subsequently become
malonyl-CoA (due to acetyl-coA carboxylase activity). With this substrate, the enzyme
fatty acid synthase (FAS) will drive the elongation of the FA by reducing NADPH and
adding two carbon atoms in the form of acetyl-CoA every cycle until palmitic acid is
synthesized. Once formed, palmitic acid will be the precursor FA for other FAs as a
product of elongation or unsaturation by the family of enzymes ELOV (fatty acid
elongases) (Jump, 2009).The resulting fatty acids can be targeted and incorporated to
the membrane or gathered in the lipid droplet for energy harvest. In order to be packed
in the adipocyte’s lipid droplet, FAs must be assembled in a greater molecule, TG. Krebs
cycle intermediates are substrates for the enzyme phosphoenolpyruvate carboxykinase
(PEPCK). PEPCK activity will produce a glycerol-3-phosphate molecule. This glycerol-3-
phosphate will undergo acylation of two free hydroxyl groups with two molecules of
fatty acyl-CoA; these molecules will produce a fosfatidic acid by the GPTAs
(Glycerolphosphate  acyltransferases) and  AGPATs  (acyl-glycerolphosphate
acyltransferases). Together (as a diacylglycerol), they will become a TG by the inclusion
of a third fatty acyl-CoA (Gesta and Kahn, 2012; Strable and Ntambi, 2010). The whole
process is to be carried at the lumen of the endoplasmic reticulum (ER). The fact that
the formed TGs tend to agglomerate helps the lipid droplet to start its formation at the
ER. The formation of these droplets will include the assembly of other lipid species such
as cholesterol and other proteins which will be important for the control of lipid
mobilization (i.e.caveolin-1, perilipins) (Brasaemle, 2009). The resulting structure is what
is commonly known as lipid droplet. Figure 5a shows a summarized diagram of this

process.

The action of these enzymes will be regulated by circulating hormones (i.e.
Insulin and growth hormone), different intermediate molecules and changes in the
energetic ratios (ATP/ADP) (Kersten, 2001; Strable and Ntambi, 2010). After feeding, an
increase in the circulating levels of glucose will induce an increase in circulating insulin.

Insulin will cause the translocation of Glut4 to the membrane, this will lead to an
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increase in glucose uptake. The cytosolic glucose will trigger the start of FA synthesis in
the adipocyte. On the other hand, glucagon has the inverse effect provoking not the
synthesis of TGs but their degradation as we will describe in the next section (Kersten,

2001).

2.5. Lipolysis

Contrary to the metabolic situations that lead to lipogenesis, during
circumstances where there is a need of substrates for oxidation the adipocyte receives
signals either from the peripheral tissues or through sympathetic innervation in order
to start a process for the breakdown of lipids. The classic signal that triggers this TGs
breakdown is norepinephrine or noradrenaline (NE), a hormone that will act through
the adrenergic receptors (a and B) and will lead to TGs breakdown (Frihbeck et al.,
2014). Another example is a drop in the ratio insulin/glucagon. Glucagon is a hormone
that modulates the metabolic profile in fasting conditions and targets a GPCR. Upon
activation, the Ggs-protein coupled to this receptor will induce PKA phosphorylation
(Sztalryd et al., 2003). Once phosphorylated, PKA will trigger the breakdown of lipids
since it will lead to a phosphorylation of the enzyme HSL. HSL binds perilipin, a protein
that normally would play a role inhibiting the enzyme’s entrance to the lipid droplet.
However, upon phosphorylation perilipin helps enzyme to enter to the lipid droplet. As
a result, ATGL (Adipose triglyceride lipase), HSL (hormone sensitive lipase) and MGL
(monoacylglycerol lipase) enter the lipid droplet and starts TGs breakdown (Gesta and
Kahn, 2012; Sztalryd et al., 2003). Nevertheless, the direct activation by glucagon is not
critical. Insulin is a powerful inhibitor of lipolysis so a decrease in insulin signaling will

also lead to lipid breakdown (Chakrabarti et al., 2013).

ATGL activity provokes the separation of a FA from the TG and in turn produces
diacylglycerol. This byproduct will be substrate of the second enzyme, HSL, and will
produce monoacylglycerol while liberating another FA. For its part, MGL will target this
lipid and separate the missing FA and glycerol. The resulting FAs are oxidized inside the
cell on, with the help of the fatty acid binding protein 4 (FABP4), the resulting FFAs will

be mobilized outside the cell and reach other tissues. In the case of glycerol it can either
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be recycled or moved outside the cell, through Aquaporin 7 (Aqp7), to subsequently
reach the liver where it will undergo gluconeogenesis (Jaworski et al., 2007, Gesta and
Kahn, 2012; Sztalryd et al., 2003). Figure 5b shows a summarized diagram of this process.
In the case of brown and beige adipocytes, under a high energy demanding situation,
lipids coming from circulating lipoproteins can also be used as energy substrates. LPL
will help, in these cases, the uptake of FA from these structures in order to make them

available for B-oxidation. (Goldberg et al., 2009)

Once the NEFAs reach the cells to be metabolized, the protein transporter CD36
(cluster of differentiation 36) will facilitate their entrance to the cell and with the help
of CPT1 (Carnitine palmitoyltransferase 1), the FA will be incorporated to the

mitochondria to follow B-oxidation/oxidative phosphorylation (Friihbeck et al., 2014).
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Figure 5. Lipid metabolism in adipocytes. (a) Summarized diagram of de novo lipogenesis
(Image taken and modified from Tang et al., 2016). (b) Metabolic pathway of lipolysis

(Image taken and modified from Altarejos and Montminy, 2011).
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2.6. Adipokines, WAT as a secretory organ

As mentioned earlier, AT functions are not limited to energy storage. AT is also

an endocrine organ which is important for a great number of physiological processes. It

secretes and modulates the response to several hormones and cytokines. The molecules

that are released from adipocytes with a potential impact on physiology are

denominated adipokines. The following table numbers some of the most relevant

adipokines and their functions.

Table 3. Examples of WAT adipokines

Adipokine

Described effects

Leptin

Informs the CNS about the nutritional status of the AT
Satiety signal

Reduces circulating glucose (improves insulin sensitivity)
Inhibits lipogenesis

Stimulates lipolysis

Adiponectin

Increases insulin sensitivity in peripheral tissues
FA oxidation in muscle (AMPK dependent)
Inhibits gluconeogenesis in liver

Inhibits lipolysis in adipocytes

Inhibits monocyte adhesion

Anti-inflammatory effects over endothelial cells

Resistin

Effects have been suggested over glucose metabolism and insulin
sensitivity

In the presence of obesity, has been linked to insulin resistance in
muscle and liver

PAI-1

Inhibits the activity of the protein tissue type plasminogen activator
Anticlotting factor

IL-6

Impairs appetite

Mediates inflammation

Inhibits gluconeogenesis

Inhibits de novo lipogenesis
Contributes to thermogenic activation

TNFa

FFA release from adipocytes

Mediates inflammation

Reduces adiponectin release and expression
Impairs insulin sensitivity

Linked to the development of fibrosis in AT

**0Other molecules secreted by adipocytes can modulate processes like
thermogenesis and will be described in another section.
Friedman and Halaas, 1998; Ronti et al., 2006; Antuna-Puente et al., 2008;

Yiannikouris et al., 2010.
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These are just some examples of the main adipokines expressed and secreted from
adipocytes (and AT). Also, as a result of lipolysis, NEFAs can act as signaling molecules
that mediate communication between several tissues and the AT through GPCRs (G-
protein coupled receptors) (Yore et al., 2014). Some authors have linked distinct species
of circulating NEFAs in obese patients to the development of the metabolic

comorbidities (Harwood, 2012).

Regarding the pathophysiology of obesity, AT function seems impaired in
hypertrophic and hyperplasic situations. Some researchers consider hypertrophy as a
situation most often identified in obese and overweighed people. Hyperplasia has been
more related to the severity and progression of the metabolic complications product of
obesity (Hirsch and Batchelor, 1976). However, the presence of hypertrophic adipocytes
is always considered a limiting condition for insulin resistance and the risk of developing
T2DM (Moreno-Navarrete and Fernandez-Real, 2012). Even so, both conditions lead to
intracellular and extracellular abnormalities. These abnormalities conduct to a
dysregulation in metabolic performance of the adipocyte itself and to a dysregulation in

the expression, modulation and circulating levels of adipokines (Torres, 2009).

2.7. Brown adipose tissue (BAT)

Also known as brown fat, due to its color, BAT function opposes that of WAT in
the sense that it stores energy for its own use. This tissue has a major role on
temperature maintenance. Such duty will represent a higher input and consumption of
energy compared to WAT but not as unfeasible as muscle contraction. BAT was first
described as a ‘hibernating gland’ due to its capacity to produce heat and contributing
to the survival during cold winter of marmots (species where it was initially described),
small well-known hibernating animals (Rasmussen, 1923; Ballinger and Andrews, 2018).
BAT subunits are the brown adipocytes (described profoundly later in this dissertation),
these cells show increased and smaller lipid droplets inside each cell. The process by
which these adipocytes help maintain body temperature is known as non-shivering

thermogenesis (NST) or adaptive thermogenesis (Cannon and Nedergaard, 2004).
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Brown adipocytes show high number of mitochondria inside the cell. This
characteristic gives rise to the increased energy expenditure and the color of the tissue.
These mitochondria are rich in uncoupling protein 1 (UCP1) which is a protein with the
special ability to uncouple the respiratory chain and provoke a proton leak in the
membranes from these organelles. As a consequence they produce heat. This is the
reason why UCP1 is the main BAT marker known. (Cannon and Nedergaard, 2004;
Morrison et al., 2014a). Also important to this tissue and its physiology is the great
abundance of sympathetic nervous system innervation which helps activate the tissue
in a fast and appropriate manner during thermal stress. Upon BAT activation, the blood
that has been warmed up in the vessels that surround BAT is put in motion. An extensive
irrigative network special in this tissue contributes to this process. Furthermore, this
high irrigation favors a continuous flux and abundance not only of energy substrates (i.e.
glucose and triglycerides) but also of oxygen (Cannon and Nedergaard, 2004; Giralt and

Villarroya; 2013).

2.8. Beige —or brite— adipose tissue

Approximately a decade ago, a third type of fat tissue was described.
Apparently, and promising to the actual obesity pandemic, WAT is able to recruit brown-
like adipocytes upon a strong thermal stress. This process is denominated as browning.
These cells are then referred as beige (or brite) adipocytes due to the color they acquire
product of the increased number of mitochondria (not completely white, however not
brown) (Meigal, 2002; Rosenwald and Wolfrum, 2014). Although these cells have
differences compared to brown adipocytes, the process by which these adipocytes
trigger thermogenesis are very alike and will be described ahead (Cannon and
Nedergaard, 2004; Morrison et al., 2012; Morrison et al., 2014; Cereijo et al., 2015;
Ishibashi and Seale, 2010; Wu et al., 2012).
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2.9. Thermogenesis

2.9.1. Acute and chronic response to cold

Cold winter has been a common stressor for animals. This cold stress
represented an increase in the energy transference from the living organism to the
environment. In order to be able to compensate the temperature drop, animals
developed a mechanism to be able to maintain body temperature. Most of them
increase their WAT depots and their BAT capacity in autumn season so that during
winter. WAT harvest could serve as fuel for BAT and achieve survival (Ballinger and
Andrews, 2018). When the temperature drops, animals increase their heat production
in a process denominated as adaptive thermogenesis. On the contrary when the
environmental temperature increases, evaporation helps the release of all that extra
heat. When none of these processes are being held, it is believed that the animal is
under a thermoneutral temperature. This means that the organism does not need any
extra mechanism in order to maintain body temperature (also known as basal
metabolism) (Golozoubova et al., 2004; Cannon and Nedeergard, 2004; Ballinger and

Andrews, 2018).

Thermogenesis is the process by which most of the animals can achieve
temperature maintenance during long periods of cold exposure. Nevertheless, it should
be mentioned that this is not the only process by which an organism can cope with a
cold environment. Any sensed temperature below the 26°C by the skin drives the
activation of TRPMS (transient receptor potential action channel subfamily M member
8) in the skin’s sensory neurons. These neurons will mediate the sensation of cold to the
central nervous system (CNS). The signal will target the primary somatosensory cortex
and the preoptic area (POA) of the hypothalamus. Is precisely in the hypothalamus
where the thermosensory signals will be integrated and a response will be propitiated.
Hypothalamus will facilitate the secretion of norepinephrine (NE), catecholamine that
will mediate through several pathways the global responses to maintain body
temperature. These responses include: vasoconstriction, aimed to limit the amount of

heat lost in dissipation through skin; shivering thermogenesis, increasing the input of
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energy in muscles for the production of heat; non-shivering thermogenesis (NST),
activating a less unsustainable mechanism in BAT for temperature maintenance; and an
appropriate increase in blood-flow to BAT in order to assure oxygen and substrates

availability for NST (Haman, 2006; Betz and Enerback, 2017).

The first strategy, and commonly described to be the one driven under short
periods of cold exposure, is based on vasoconstriction and muscle shivering. The former
one implies an excessive input of energy to maintain body temperature during longer
periods of time. It is considered to be unfeasible due to the high demand of ATP required
to produce enough heat for temperature maintenance. For this reason, a more
sustainable process for keeping body temperature should take place. So, regulated by
CNS and its catecholamine production, NST takes the lead in temperature maintenance

(Cannon and Nedeergard, 2004; Whittle et al., 2011).

2.9.2. CNS pulls the trigger: Noradrenergic activation of thermogenesis

It is the ‘high energy (as heat)’ demand what activates BAT through different
neurotransmitters. BAT activation includes a remodeling of the tissue and total re-
adjustment of BAT cell machinery. Both will be achieved by the interface of both types
of neurons with the tissue. To start, a recruitment of nerve terminals from the NPY+
neurons and blood vessels will reach and embrace the tissue. This high innervation and
vascularization will increase the infiltration of substrates and oxygen at the same time
that it will favor the modification of the cell profile in the tissue (i.e. an increase in brown
adipocyte differentiation from mesenchymal stem cells and pre-adipocytes
(hyperplasia) and an increase in macrophage infiltration) (Haman, 2006; Morrison et al.,
2014; Tamucci et al. 2018). At the same time that all these modifications occur, other
nerve terminals (from NPY+ and NPY- neurons) reach the differentiated adipocytes. As
described above, upon cold stimulus, the hypothalamus response induces an increase
in catecholamine’s secretion. On these BAT targeting neurons the production of the
preferred catecholamine to induce thermogenesis upon cold will be synthesized,
norepinephrine. NE will then be secreted and activate three potential receptors in

brown adipocytes: adrenergic receptor B1, 2, and 3. B3-adrenergic receptor will play
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the major role in the signal transduction for the activation of thermogenesis in these
adipocytes. This receptor is a GPCR (described later in this dissertation) coupled to Gs.
Gs is a G-protein that has the ability to activate adenylyl cyclase which induces the
formation of cAMP from ATP. The obtained cAMP will cause an activation of protein-
kinase A (PKA) (Cannon and Nedergaard, 2004). PKA has a key-role in thermogenesis
(both in BAT and WAT) since it modulates lipolysis producing NEFAs for oxidation while
inducing the expression of the thermogenic machinery genes (i.e. UCP1, PGC-1a,
BMP8b). This induction is achieved due to its potential action over cAMP response
element-binding (CREB) and activating transcription factor 2 (ATF2). Then both are able
to bind the pertinent response elements (i.e. CRE) in the promoter regions of some of
these genes. Other effects of PKA activation include, the activation of ERK1/2 and p38
MAPK, both important for the activation and maintenance of the thermogenic activity.
In the case of ERK1/2, it will inhibit apoptosis, contributing to the maintenance of the
cell number in this highly demanded tissue. On the other hand, p38 MAPK seems to
mediate thermogenic activation through the phosphorylation of PGC-1a which is a
master regulator of mitochondrial biogenesis and the activity of UCP1 (Thonberg et al.,
2002; Cao et al., 2004; Cannon and Nedergaard, 2004). While this transcription is
enhanced, the translation of the mRNAs produced will be prompted, and the process by
which mitochondria (and other relevant proteins) are to be degraded will be stopped
(autophagy). An increased flow of substrates will take place and, if the cold exposure is
sustained, a massive degradation of the intracellular reserves could occur (lipophagy)
(Haman, 2006; Morrison et al., 2014; Cairo et al., 2016; Tamucci et al., 2018). Activation
of lipolysis will also produces an increase in FA in the cell. These endogenous FAs are
able to bind PPARs (Peroxisome proliferator-activated receptors). PPARs are key
regulators of lipid metabolism that are activated by lipids to promote gene transcription.
One of this receptors is PPARa which, upon activated by FFAs, is able to target the
binding sites in the promoter regions of thermogenic marker genes (i.e. PGC-1a and
UCP1) (Mottillo et al.,, 2012). A diagram of catecholamine-mediated activation of

thermogenesis can be observed in figure 6.

It is important to mention that the response to be achieved by the tissue is to be

determined by previous experiences of cold exposure. This means that an organism that
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has never been or has been lightly exposed to cold will present a decreased number in
mitochondria and a decreased expression of the protein UCP1. This situation in BAT is
known as whitening and, as it implies, is the completely opposite effect of browning.
Whitening is achieved in brown adipocytes that decrease the number of lipid droplets
and mitochondria (and UCP1 expression) while increasing their size. These will lead to a

reduced thermogenic capacity of the tissue (Feldmann et al., 2009).
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Figure 6. Diagram on the signaling cascade of noradrenergic activation of the

adipocyte. (Image obtained from Harms and Seale, 2013)
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2.9.3. Perinatal thermogenesis

Due to its primary described role, BAT activation and recruitment has been
associated to early stages of life. BAT appearance starts around the mid-gestational
period in the fetus (process that is yet to be elucidated). Newborn BAT activity is
enhanced upon delivery and gradually lost (or decreased in function) during childhood
until adulthood. This developmental characteristic of BAT is relevant since it plays a
major role at birth allowing the newborn to adapt to the new (extra uterine) atmosphere
(Cannon et al., 1998; Clarke et al., 1997). Actually, the localization, protein status
(especially regarding mitochondria), and vascularization (enhancing blood supply) at the
moment of birth assures a maximal activation of BAT. This maximal activation is very
unlikely to be reached again in life (Cannon and Nedergaard, 2004). A key component in
this transition (uterine to extra uterine environment) is an adequate maturation of the
hypothalamic-pituitary-adrenal (HPA) axis at the moment of birth. HPA axis is crucial for
the control in the cocktail of hormones and neurotransmitters (i.e. NE, cortisol) that are
to target and activate the tissue at the early stages of life (Symonds et al., 2013;

Gnanalingham et al., 2005).

Based on thermoregulatory properties, there exist three groups of species when
talking about newborn BAT: altricial (i.e. mice and rats), immature (i.e. Syrian Hamsters)
and precocial (i.e. humans, guinea pigs and calves) newborns. Precocial species are
believed to be born with a mature and recruited BAT while altricial and immature are to
recruit it after birth (the former one, in a delayed timing (not described in this text))
(Cannon and Nedergaard, 2004). Altricial newborns (i.e. mice) depend on nesting, with
the rest of the litter and the mother, to maintain body temperature while precocial
(humans) newborns are able to cope with cold stress more independently. This nesting
adaptation seems to be important to the development and functioning of the depot in
later stages of life (Malik and Fewell, 2003). The difference between these two groups
of newborns is believed to be due to previous observations that stated that precocial
newborns were born with a mature HPA axis and a recruited BAT while altricial
newborns induced maturation and recruitment immediately after birth. However, it has

recently been reported that at day 18.5 of embryonic age (E18.5), mice BAT is competent
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for uncoupling respiration. This competence seems to be mediated by IL-33 and its
receptor ST2 since the absence of either of them (//33-/- and Il1rl1-/-, respectively)
resulted in a decreased expression of UCP1 protein (in E18.5). In addition, 12h pups
(P0.5) showed an increase in UCP1 protein expression compared to E18.5 (Odegaard et
al., 2016). This suggests the existence of an active thermogenic machinery at the
moment of birth in mice. Figure 7 described the induction of UCP1 upon birth and the

dynamics of oxygen and oxidative substrate in precocial species.
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Figure 7. Perinatal metabolic and UCP1 profiles. Perinatal primary changes in the
metabolic profile as described for precocial species; abundance of substrates and UCP1

expression are shown. (Image obtained and modified from Symonds et al., 2015)

2.9.4. The mechanics of heat production

Activated adipocytes, brown and beige, are able to produce heat due to a protein

very well-known, UCP1. Although UCP1 is not the only uncoupling protein described

(there are also UCP2, UCP3, UCP4 and UCP5), it is the only one related and confirmed

important for noradrenergic stimulation of thermogenesis (Nedergaard et al., 2001).
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Electron transport chain takes place at the inner membrane of the mitochondrial
membrane. This transport (from complex | to 1V) helps create the gradient between
mitochondrial matrix and mitochondrial intermembrane necessary for ATP formation
(in complex V). UCP1 is located at the inner membrane of the mitochondrion. There it
promotes a proton leak from the intermembrane space to the matrix. This leak modifies
the proton gradient and provokes the dissipation of energy as heat (Terada, 1990;
Nedergaard et al., 2001; Cannon and Nedergaard, 2004). During the production of ATP,
proton ratio mediates the activity of the gradient created by the complexes thus
modulating the oxidation of substrates. In uncoupled respiration, UCP1 creates a
continuous leak which leads to a continuous transport by the complexes. Altogether, it
promotes a continuous mitochondrial catabolism of substrates making brown adipocyte
a highly oxidative cell (Golozoubova, 2001; Krauss, Zhang and Lowell, 2005). Figure 8

illustrated the components of coupled and uncoupled respiration.
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Figure 8. The components of coupled and uncoupled respiration. (Image obtained and

modified from Valle et al., 2010)
2.9.5. Activation not mediated by adrenergic stimuli
It was of great interest that the animal model ADRB3-deficient (gene coding for
B3-receptor) was able to activate thermogenesis and even induce browning (always in

a decreased level) (Konkar et al., 2000). At the beginning, it was believed to be due to a

compensatory effect inducing B1 adrenergic receptor. However, now there have been
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identified alternative factors also contributing to the activation of BAT and the browning

of WAT independently from noradrenergic activation. Here some examples:

Table 4. Alternative factors contributing to BAT activation

Factor Function

Retinoids, vitamin A derivatives, are potent activators of BAT
recruitment and UCP1 expression. They have been related to an
Retinoids increase in the expression of RBP4 (Retinol binding protein 4) which,
when released from brown adipocytes, causes a paracrine
activation (Alvarez et al., 1995; Rosell et al., 2012).
Thyroid hormones are important BAT activators. DIO2
(iodothyronine deiodinase 2) in BAT suggests that it is able to
Thyroid synthesize T3 (triiodothyronine) from tetraiodothyronine (T4). This
hormones is of relevance for the thermogenic activation since T3 has been
reported to activate the expression of thermogenic markers such as
UCP1 (L6pez et al., 2010).
COX2 (cyclooxygenase-2), a limiting enzyme in the synthesis of
prostaglandins appears to have a role in the induction of UCP1
when browning of WAT is taking place. This has not been observed
Prostaglandins | in the case of BAT. The action appears to be related to PPARs since
a similar effect is observed in MSC, where the cell is differentiated
into a brown adipocyte but has not yet been confirmed (Madsen et
al., 2010; Vegiopoulos et al., 2010).
PPARy has been described to mediate brown adipocyte
differentiation whereas PPARa is involved in the induction of the
thermogenic machinery (as it will be explained in the next section).
PPAR agonists | Then, it is of no surprise that the use of synthetic agonists for this
receptors result in the activation of BAT and the browning of WAT
(i.e. rosiglitazone induces browning and through PGC-1a dependent
mechanism) (Hondares et al., 2006).
Liver produces bile acids that activate TGR5 in BAT which induces
Bile Acids DIO2 unleashing the thermogenic activation (Watanabe et al.,
2006)
The fibroblast growth factor 21 (FGF21) is an endocrine factor that
is produced by and activates brown fat cell. This factor will be
described latter in this dissertation but it is relevant for this chart
due to its capacity to induce PGC-1a and ultimately UCP1, both
leading to the induction of thermogenesis (Hondares et al., 2010;
Hondares et al., 2011).
BMP8b is a member of the family of the Bone morphogenetic
proteins (BMPs). It is able to sensitize the brown adipocyte to the
Bmp8b noradrenergic stimuli and at the same time it signals hypothalamic
hormones. This causes an induction in the signaling mechanism for
BAT activation from the CNS (Whittle et al., 2012).

FGF21
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Some dietary factors described to mediate thermogenic activation
are: aminoacid (especially methionine restriction), resveratrol,
capsaicin, some non-esterified fatty acids, etc.

All of them have proven either to induce brown adipocyte
differentiation or the browning of WAT (Bonet et al., 2013).

In this group, a great variety of mediators of thermogenic activation
take part (i.e. receptors and kinases). Families of receptors that are
target of these dietary modulators have resulted interesting and
important in the development of therapeutic approaches. One of
these families is the GPCR family (described later in this text). B3-
adrenergic receptor, the main receptor mediating thermogenic
activation, is part of this great family. Likewise, a recently explored
subgroup of GPCRs activated by dietary metabolites has been
subject of study due to their potential role in BAT physiology. Also,
regarding GPCRs activity and thermogenesis, ketone bodies, fatty
acids and even bile acids have shown to modulate BAT activity.

Dietary factors

2.9.6. BAT as metabolic regulator

Important to our knowledge of the tissue, and to the attempts to use BAT
activation to treat obesity, it has been observed that upon feeding there can also be an
induction in BAT thermogenesis. Also known as, diet induced thermogenesis, this
phenomenon is present after feeding. This thermogenesis is probably mediated by the
increase in circulating metabolites (i.e. glucose and FFAs) and some hormones like
insulin, cholecystokinin, enterostatin and leptin (the most importantly proposed to
regulate this response). Nevertheless, B3-adrenergic activation may also be involved.
The real purpose of the activation after meals is yet to be elucidated but it has been
suggested as a strategy by the BAT to modulate the replenishment of AT depots in order
to avoid hypertrophy and obesity. This proposes BAT and its thermogenic activity as a
homeostasis regulator to control the nutritional status not just in BAT but all AT depots
(Rothwell and Stock, 1981; Commins et al., 2001; von Essen et al., 2017; Kawada, 2018).
Also, upon several stimuli received (i.e. exercise, HFD in fuel) BAT is able to secrete
cytokines able to regulate global metabolism and the activation of other AT depots.

Some of these cytokines include IGF1, IL6, FGF21 and Bmp8b (Cereijo et al., 2013).
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Table 5 summarizes basic characteristics of the three types of AT described. Now
that the tissues and the different processes that they exert have been described, it is
time to define how those adipocytes achieve specialization and their important and

unique characteristics.

Table 5. Brown and white fat characteristics

White Adipose
Tissue

Brown Adipose
Tissue

Beige Adipose
Tissue

Heat production

Few mitochondria

Function Energy storage Heat production and energy source
Smaller size of lipid
droplets compared

- Small and multiple to WAT
] One large lipid ..
Adipocyte droolet lipid droplets Increased
Morphology P Abundant mitochondria

mitochondria

(Approx. 10% of
UCP1 compared to

BAT
Characteristic ) UCP1, FOXC2,
markers Leptin ucPl TBX15
Mainly Myf5-
Mainly coming positive cells (we
from Myf5- could also find
D | t My5+/Myf5-
evelopmen negative Myf5-negative y5+/My
precursors cells, derived from

other lineages)

Impact of aging

In relation to age,
its size increases

Tends to decrease
with age

Tends to decrease
to be recruited
with age

Obesity effect

Increases the
tissue size

Decreases tissue
size and activity (

Decreased
availability with
increased BMI

Extracted and modified from Saely et al., 2012.

2.10. The adipocytes

Although most eukaryote organisms are able to store energy in the form of lipid
droplets, only vertebrates have a specialized cell-type able to store these droplets. These
cells are the adipocytes and represent the functional subunits of both WAT and BAT (also

beige adipose tissue) as shown in figure 9. Other cell types such as cardiomyocites and
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hepatocytes can contain lipid droplets inside. However, in the case of these cells the
consistent appearance of lipid droplets is considered to be pathological. Hence, this
capacity is characteristic and proper of adipocytes and represents a mechanism of
protection from the cytotoxicity that free fatty acids (FFA) represent (Trayhurn, 2007).
Adipocytes are derived from MSC; these stem cells are able to differentiate into
adipocytes, chondrocytes, osteoblasts or myocytes. (Moreno-Navarrete and Fernandez-
Real, 2012). The subsequent paragraphs explain the process by which these precursors

will become a differentiated adipocyte.

2.10.1. Adipocyte differentiation

Both BAT and WAT are developed at different time points during individual
growth. Most of the times BAT develops before WAT. In rodents, BAT is developed
during fetal period and is activated upon birth due to cold challenge and diet
(breastfeeding) (Cannon and Nedergaard, 2004; Symonds et al., 2015; Hondares et al.,
2010). In the case of WAT, its development begins at the last third of gestational period
and will continue after birth when it will result favored by the increase in nutrient
availability (Gesta et al., 2007). Both tissues are originated from mesodermal MSCs in a
process denominated as adipogenesis. Adipogenesis is a complex and well regulated
process which is divided in two phases. In the first phase, or the determination phase,
the cell lineage from the MSCs is decided and will be converted into a pre-adipocyte.
The second phase involves the signaling cascade in charge of finishing the differentiation
process and lipid storage, this is the adipogenic phase (where lipids are accumulated
inside the cell) and for so is known as terminal differentiation (Cristancho and Lazar,
2011). Both phases are finely regulated by transcription factors and regulatory proteins.
In adults, human and rodent, adipogenesis continues to take place but the precursors
are more similar to those cells denominated as pericytes in de stroma vascular fraction

(SVF). (Ailhaud and Hauner, 1998; Moreno-Navarrete and Fernandez- Real, 2012).
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Figure 9. Appearance and morphology of adipose depots and adipocytes. (Information
and pictures obtained and modified from Cinti, 1999; and Bartelt and Heeren, 2014).

2.10.2. Lineage determination phase

The result of this phase is the differentiation of precursor cells into pre-
adipocytes. This means that this multipotent stem cells won’t be able to differentiate
into any other specialized cell type after completing this phase. Still, it will be necessary
that the pre-adipocyte senses the external stimuli to be able to further complete its

differentiation process and reach the end of the terminal differentiation phase.
Accounting for their similarities regarding energy storage, there was a point in

time in which the brown and white adipocytes were considered to originate from the

same lineage. However, today we know that brown and white adipocytes are originated
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from different precursor cells. It was considered that brown precursors were the ones
expressing the myogenic factor 5 (Myf5+) and the protein Paired-box 7 (Pax7), both
related to muscle lineage. White adipocytes were believed not to express neither of
these markers (and were denominated Myf5-). However, it was recently reported that
there could be found brown adipocytes lacking the expression of Myf5 and white
expressing it (Seale et al., 2008). This situation has been explained by the fact that the
main differences are due to the localization of the cells independent of the expression
of either markers. Cells differentiated from dorsal anterior anatomical region locations
express Myf5 and ventral-posterior lack its expression (Sanchez-Gurmaches et al., 2012;

Sanchez-Gurmaches and Guertin, 2014).

Differentiation will take place thanks to an accumulation of mechanical,
physical and chemical signals. In the case of the chemical signals, two main families have
been described to take pivotal roles in differentiation, WNT and TGFpB. The first family,
WNT, are secretable glycoproteins involved in development. Upon activation of the
receptors, they will trigger a signal that recruits transcription factors. It is indeed
surprising that this family induced the differentiation of MSCs but not pure white pre-
adipocytes. This suggests a close relationship with brown adipocyte differentiation from
this type of precursors (Ross et al., 2000; Kanazawa et al., 2005). The second family,
TGFB, has also shown to inhibit the pre-adipocyte differentiation while inducing the
differentiation of mesenchymal precursors. It is important to note that, out of this
family, some of the members can trigger white adipogenesis (i.e.BMP2) and some others
brown adipogenesis (i.e. BMP7 and 9) (Skillington et al., 2002; Sottile et al., 2000; Tseng
et al., 2008). Although the members of these families involved in adipocyte
differentiation have been very well characterized, it must not be forgotten that several
of their members also have the capacity to induce the differentiation of mesenchymal
precursors into other specialized cells (i.e. myocytes) (Takada et al., 2009; Zamani and
Brown, 2011). In addition to this, the expression of some genes is essential for a proper
expression of other target genes related to adipogenesis. One example is Pref-1
(Preadipocyte factor -1), a factor that prevents the expression of PPARs (Peroxisome
proliferator-activated receptors) which expression is important for adipogenesis as it

will be explain later (Smas and Sul, 1993).
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As for the mechanical stimuli, it includes extracellular matrix remodeling and
cell contact. The rigidity of the area at which the precursor differentiates will modulate
the differentiation process. Also, the differentiated cell will contribute to modify the
stiffness in the area for the control of future cells’ differentiation. Cell contact will
increase GTPase activity potentiating WNT signaling and transcription factors’
recruitment (Liu et al., 2005). This remodeling at the differentiation area will also cause
the increase in the protein ECN-1 (Ectodermoneural cortex 1), this protein will bind actin
causing a cytoskeleton reorganization. This reorganization will contribute to the
modification in the fibroblastic appearance of the cell which will lead to a spherical
shaping. This binding of molecules will be important for the second phase of
differentiation (Nakajima et al., 1998; Gregoire et al., 1998; Zhao et al., 2000). At this
point, some other proteins and transcription factors make their appearance in the
process. One of these factors is ZFP423, this protein potentiates the BMPs family signals
and responses while having a role triggering the expression of PPARy (later described).
Besides this, the arrest of the cell cycle will also contribute to the subsequent
maintenance of the adipogenic program. When cells reach confluence (at least during
in vitro assays), the induction by chemical stimuli will favor mitotic clonal expansion
(MCE) (Gupta et al., 2010). Type D cyclins will also take part in this process. CDK4/6
orchestrates the point at which the cell passes from G1 in cell cycle to S. Other proteins
such as p53 will help in this cell cycle arrest. These last events in collaboration provoke
not only the maintenance of the cell in the exact phase to complete the termination
phase but also trigger the induction in the expression of master genes for adipocyte
differentiation such as C/EBP-B y C/EBP-6 (CCAAT-enhancer-binding protein beta and
delta) (Ramji and Foka, 2002; Tang et al., 2004; Farmer, 2006).

2.10.3. Terminal differentiation

As it was mentioned at the description of the previous phase, ECN-1 adhesion

and expression is induced in parallel with MCE. As a consequence of these events,

plasminogen cascades and the expression of C/EBP-B y C/EBP-6 during the first 24 hours

upon induction of the differentiation (described from in vitro differentiation) are
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initiated. This isoforms of C/EBP are phosphorylated causing the activation of MAPK
(mitogen-activated protein kinase) and GSK3pB (Glycogen synthase kinase 3 beta). Both
kinases, when activated, activated will lead to the induction in the expression of PPARY,
C/EBP-a and C/EBP-§, key regulators of adipogenesis. Both genes will start a positive
feedback loop in order to maintain their expression and accumulation of the mRNA in
order to achieve a proper differentiation (Ramji and Foka, 2002; Tang et al., 2005;
Farmer, 2006; Lefterova et al., 2009). These gene inductions mark the start of the
terminal differentiation and will induce the expression of the characteristic adipose

genes.

C/EBPs are Basic Leucine Zipper (bZIP) type transcription factors which are
expressed widely and have key roles in cell development (at the cells where they are
expressed). When still undifferentiated, there are low levels of C/EBP- in the precursor
cells but when the different adipogenic stimulus start to emerge, cAMP will increase its
intracellular levels. As a consequence, PKA will be activated and the subsequent
phosphorylation of CREB will take place. CREB will bind the response element-binding
provoking an induction in C/EBP-B expression (Yeh et al., 1995; Tanaka et al., 1997;
Zhang et al., 2004). Upon C/EBP-B induction, phosphorylation of the transcription factor
will also regulate its function. C/EBP-B will recruit C/EBP-6, STAT5A (Signal transducer
and activator of transcription 5A), GR (glucocorticoid receptor) and RXR (Retinoid
Receptor X). This recruitment is essential for the terminal differentiation phase and the
reason why C/EBP-B is highly regulated (Tang et al., 2004). All three C/EBP members are
important for adipogenesis since the loss-of-function models of these transcription
factors, especially B and 6, end up in an impaired adipocyte differentiation. In the case
of C/EBP-q, it is known to be a target of C/EBP-B and its action is more referred to
terminal phases of the differentiation. Also, it has been more related to the cell cycle by
phosphorylating D3-cyclin and inhibiting cell proliferation. Likewise, it causes an
induction in GLUT4, PEPCK (Phosphoenolpyruvate carboxykinase) and the insulin
receptor genes expression during differentiation (Ramji and Foka, 2002; Johnson, 2005;

Farmer, 2006).
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As mentioned before, the whole C/EBP-B cascade will lead to the induction in the
expression of PPARy. PPARy is a member of the nuclear receptor family that has been
described as the master transcription factor in adipogenesis. It has been proven to be
essential and sufficient to the termination of differentiation. Although it is sufficient to
terminate adipocyte differentiation, C/EBPs will still be necessary for the differentiated
adipocytes to be responsive to insulin (Tontonoz et al., 1994; Wu et al., 1999; Rosen and
Spiegelman, 2002). The deletion of this gene is lethal for development and a decrease
in its activity leads to metabolism abnormalities of the adipose tissue (i.e. lipodistrophy).
There are two isoforms: PPARy 1 and PPAR y 2; while the isoform 1 is more related to
preadipocytes, the isoform 2 is more prone to be expressed in differentiated adipocytes.
During differentiation, the activity of both of them can result in a mature and functional
adipocyte (Zhu et al. 1995; Chawla et al., 2001; Rosen and MacDouglad, 2006). As a
heterodimer with RXR, PPARY binds the response elements in the sequences of the DNA
of the genes to be induced. PPARY is a ligand-dependent transcription factor. Despite
existing pharmacological activators (glitazones), a physiological agonist has not been
fully characterized but some lipid metabolites such as PUFAS and eicosanoids have been
proposed (Kim et al., 1996; Fajas et al., 1999). It is important to note that even in the
absence of any ligand for PPARY, this factor can interact with the target genes causing
an induction in their expression. For this reason, these transcription factors need co-
activators and finely regulated forms of interaction with the DNA sequences in order to
avoid overexpression of some genes at different stages of differentiation (Guan et al.,

2005).

Another signaling cascade identified in the adipogenesis process is the one that
involve KLFs (Kruppel like factors). KLFs are a family of regulatory proteins in several
cellular processes, adipogenesis included. Three members of this family (KLF6, KLF9 and
KLF15) have been reported to take part in the adipocyte differentiation while other two
(KLF2 y KLF7) seen to repress differentiation (Moreno-Navarrete and Fernandez- Real,
2012). Multiple other factors may affect and inhibit differentiation such as GATA2 and
GATA3 which are union proteins that bind and repress PPARy expression (Tong et al.,
2000).
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2.10.4. Differentiated adipocytes

The final stage of adipogenesis is the acquisition of all the typical characteristics
of a mature adipocyte. It implies the appearance of lipid droplets and the expression of
all those genes and proteins characteristic of each type of adipocyte (Lefterova and

Lazar, 2009).

2.10.4.1. Differentiation of the white adipocyte

In this cell type, PPARyY, C/EBP-a and C/EBP-B are not only important during the
differentiation of the cell (as described earlier) but are also necessary to maintain the
expression and characteristics of the cell when differentiated. The complex PPARy-RXR
and C/EBP-a will be necessary to induce and maintain the expression of adipogenic
markers. This induction will help maintain the morphology and the assembly of the
adipocyte machinery. The proteins which may be of relevance for the proper function
of the adipocyte include storage proteins, breakdown proteins and secretable proteins
typical of the adipocyte. Some of these proteins include the ones that will help the
adipocyte incorporate substrates into the cell (i.e. GLUT4); proteins related to TG
synthesis (i.e. FAS, ACC); proteins related to lipid trafficking (i.e. FABP4); those necessary
for lipolysis (like HSL) and adipokines (i.e. leptin, adiponectin) important for metabolic

regulation by AT (Wu et al., 1999; Tontonoz and Spiegelman, 2008; Maurizi et al., 2018).

2.10.4.2. Differentiation of brown adipocyte

Differentiation of both cell types, brown and white, require the signaling
cascades triggered by C/EBP-B and PPARy, as well as their expression upon
differentiation to maintain cell phenotype (Tang et al., 2004; Nedergaard et al., 2005).
It is relevant that, in brown adipocytes, PPARy activity is not enough to drive
differentiation. In addition, C/EBP-a nullification does not affect brown adipocyte
differentiation (contrary to what is observed for white precursors) (Kajimura et al., 2010;

Carmona et al., 2002).
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Some slight differences are noted at the beginning of differentiation, during the
determination phase. As mentioned, these cells are similar to the muscle cells in the
sense that their progenitor cells tend to be Myf5+ (some studies have also proven some
brown adipocytes Myf5-). Besides the similar effect of the WNT and TGFB families in the
determination phase and the whole differentiation, there is also an important factor
mediating their differentiation, NE. Upon cold exposure, afferent nerves secrete NE that
activates the B1l-adrenergic receptor promoting cell proliferation and inhibiting
apoptosis. B1 receptor activation also inhibits the expression of proteins typical for cell
cycle control (i.e. p53) in both pre-adipocytes and MSCs. NE won’t induce the expression
of thermogenic markers (such as UCP1) in undifferentiated cells but it will promote their
differentiation. This promotion of differentiation will contribute to an increase in brown
fat mass upon cold exposure. Also, NE will cause an increase in intracellular cAMP; a
second messenger that acting through CREB (cAMP response element-binding) will
induce the expression of C/EBP-B. This factor is crucial for the induction of

thermogenesis, as mentioned earlier (Cannon and Nedergaard, 2004).

A key event for the differentiation of these precursor cells to brown adipocytes
is the expression of PRDM16 (PRD1-BF-RIZ1 homologous domain containing protein-16)
as a consequence of PPARy activity (Kajimura et al., 2009). PRDM16 is a zinc finger
protein which was found by screening genes with high expression in BAT compared to
WAT. Its induction promotes the expression of thermogenic machinery genes (i.e. UCP1,
Dio2, PGC-1a) while inducing mitochondrial biogenesis and cell respiration (typical of
brown adipocytes) (Seale et al., 2007). The absence of PRMD16 in precursor cells impairs
brown adipocyte differentiation while inducing muscle-like phenotypes in differentiated
adipocytes. Both effects prove the importance of this gene in the maintenance of brown

adipocyte phenotype (Seale et al., 2007; Kajimura et al., 2010).

During brown adipocyte differentiation, C/EBP-a activity is reported earlier
than C/EBP-B. Nevertheless, the complex formed by PRDM16 and C/EBP-B is believed to
be sufficient for brown adipocyte differentiation and to induce PPARy. At the same time,
parallel to the interaction with PPARy-RXR complex, PRDM16 can induce the expression

of thermogenic machinery genes. PRDM16—C/EBP- complex induces the expression of
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PGC-1a, key factor in the induction of the thermogenic program (including the
mitochondrial biogenesis and oxidative metabolism) and in the regulation of those
genes that could inhibit adipogenesis (Puigserver et al. 1998; Barbera et al., 2001;
Villarroya et al., 2007).

PGC-1ais a factor liked to B-adrenergic stimuli and cold response. Its expression
is regulated by ATF2. The gene encoding this factor is a target gene of p38 MAPK which
is phosphorylated as part of the thermogenic activation response. PGC-1a induces the
expression of UCP1 and other thermogenic markers as part of BAT response (Cao et al.,
2004). It also has the ability to bind several transcription factors and receptors crucial
for the activation of thermogenesis. Some of these interactions include PPARy, PPARq,
the thyroid hormones’ receptor (TR). This causes its own recruitment to the gene
promoters of those genes involved in the thermogenic program. Also, PRDM16 is able
to bind directly to this co-activator potentiating its activity and provoking a positive
feedback on its expression in brown and white ATs (Hondares et al., 2006; Wulf et al.,

2008; Seale et al., 2011).

Also relevant to PGC-1a activity is PPARa. As mentioned before, PPARa is
regulated by endogenous FA and is an important activator of thermogenesis which acts
synergically with PRDM16. It induces the expression of UCP1 while also increasing the
expression of PGC-1a and PRDM16 (Hondares et al., 2011). Together, these factors
provoke the increased expression of thermogenic markers, electron transport chain

uncoupling and even enhanced fatty acid oxidation (Giralt et al., 2011).

2.10.4.3. Differentiation of beige adipocyte

Long periods of time at cold temperatures or B-adrenergic agonists stimulation
will result in the appearance of mixed-phenotype adipocytes in WAT depots (not white
and yet not brown). This process is called ‘browning’. The origins and explanation of the
appearance of these cells has resulted controversial thus giving rise to a cumulus of
theories. Here are describe the two main ones more which are more likely to explain the

phenomenon. The first one proposes that the white adipocytes have the ability to
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undergo a transdifferentiation process in response to the adrenergic stimuli (Barbatelli
et al., 2010). The second one denies any capacity of transdifferentiation and proposes
the presence of beige progenitors (probably Myf5-) in the tissue. These precursors will
undergo a de novo differentiation into brown adipocytes favored by noradrenergic
stimuli (Lee et al., 2012a; Wang et al., 2013). Now, it is considered that both theories
are excluding and that it may occur that the phenomenon is presented as a consequence
of both processes. However, in the case of transdifferentiation it may only occur in

adipocytes coming from specific precursor cells (Harms and Seale, 2013).

The de novo differentiation theory proposes that the white adipose tissue
possesses subpopulations of cells that are bipotent. This means that they are able to
differentiate into a white or a beige adipocyte. In the presence of noradrenergic stimuli,
these cells will increase their proliferation capacity and induce brown-like adipocyte. On
the other hand, when exposed to a high fat diet (HFD), these cells will differentiate into
a white adipocytes committed to the synthesis and harvest of TGs (Lee et al., 20123;
Wang et al., 2013). These information gives a clue on how this browning achieved. De
novo differentiation also gives a hint on the dynamics of the tissue for the possible
transdifferentiation depending on the metabolic, feeding and thermal status of the

individual (Bartelt and Heeren, 2014).

The second theory is transdifferentiation, or the capacity of a quiescent
differentiated cell to convert to another cell type. Following this theory, the idea is that
upon cold exposure or noradrenergic stimulation, the unilocular white adipocyte is
capable of a genetic and epigenetic reprograming. This process will result in the
acquisition of a beige phenotype expressing thermogenic markers and producing heat
(Rosenwald and Wolfrum, 2014). Evidence of this event was the discovery of
paucilocular adipocytes, UCP1+ white fat cells with intermediate locularity phenotype.
These cells are believed to be an intermediate phase between white and beige
(Barbatelli et al., 2010). Likewise, a recent in vivo approach employing marked
adipocytes proved a high WAT plasticity since they observed an acquisition beige
phenotype upon cold exposure and that once the animal is put back into warmer

temperatures the cells will recover a white phenotype and vice versa (Rosselwald et al.,
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2013). This is not the only example of the high plasticity of WAT, there is another
example not related to browning but to nurturing. At the breast zone of mammals, it
has been observed that white adipocytes are able to transdifferentiate in a cell type not
only multilocular but able to produce milk. When these cells are observed under the
microscope, they show an appearance similar to the endothelial cells and for that reason
they were named pink adipocytes (not to be described profoundly in this dissertation)

(Morroni et al., 2004).

As for the signaling cascade, it is not as profoundly studied as for white or
brown adipocytes. However, it is believed to follow a similar pathway. The
differentiation process is very likely to be started by C/EBP-B followed by an induction
of PPARy and C/EBP-a. C/EBP- B will stay in-transcribed due to the expression of HOXC8
(Homeobox C8). Noradrenergic stimuli (and maybe other stimuli able to trigger
browning) will cause the expression of mi-R196a. This microRNA will repress HOXC8
expression resulting in an induction of C/EBP-B. These events will trigger the expression
of the subsequent differentiation players (i.e. PRDM16) and the maintenance of the
differentiation status. PRDM16 plays a key role during terminal differentiation in these
cells while the activation or response to noradrenergic will be mainly mediated by PGC-
la. In addition to this, the maintenance of the phenotype and adipogenesis will be
favored by the transcription factors forkhead box C2 (FOXC2) and T-box transcription
factor 15 (TBX15). These factors will be necessary for the induction of genes like UCP1
and PGC-1a (Cederberg et al., 2001; Gburcik et al., 2012; Harms and Seale, 2013). Figure
10 illustrates the differentiation processes followed by precursor cells in order to

achieve specialization.
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Figure 10. Schematic diagram of brown, beige and white adipocyte differentiation.
Main cascades for brown adipocyte differentiation (a), white adipocyte differentiation
(b) and the processes proposed to be part of browning: transdifferentiation (c’) and de

novo adipogenesis (c”’). Also, the process denominated as whitening, where brown
adipocytes acquire white-fat cell characteristics (d) (Image obtained and modified from

Harms and Seale, 2013; and Bartelt and Heeren, 2014)
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3.  The G-protein coupled receptors superfamily

3.1. General description

In order to appropriately sustain survival, cells receive and process
environmental signals. Most of the occasions, the cells have to process and respond to
several signals at the same time (O'Connor and Adams, 2012). Fat cells are not the
exception since mammals’ AT is in charge of maintaining energy homeostasis. To be able
to perform these functions, AT has to sense, process and respond to the hormonal and

metabolic status of the organism.

The signal transduction of external stimuli is driven by several membrane
proteins. The G protein-coupled receptors (GPCRs) are the largest protein superfamily
in mammalian genomes (encoding more than 800 genes (comprise 3-5% of the human
genome)) (Doze and Perez, 2013; Venkatakrishnan et al.,, 2013). They are the most
physiologically important membrane protein family since GPCRs are key specific targets
for a variety of physiological functions and therapeutic approaches. These functions
include blood pressure control, allergic response, kidney function, hormonal responses
and some other mechanical and sensory signals (Lagerstrom and Schioth, 2008;
O'Connor and Adams, 2012; Tang et al., 2012). Their discovery and the understanding
of their function, activation and signal transduction has modified the biomedical and
pharmaceutical field. Nowadays, more than 30% of the commercialized drugs target a
GPCR. These pharmacological approaches go beyond just discovering agonists and
antagonists mainly due to the higher degree of complexity in these receptors’ signaling

(Katritch et al., 2013, Doze and Perez, 2013; Zhang et al., 2015).
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3.2. GPCR structure and division

GPCRs are enclosed in a type of receptors also denominated seven-
transmembrane receptors (7TM-receptors). As the name indicates, they have seven
transmembrane-spanning a-helices (helices I-VII, TM 1-7), an extracellular N terminus,
an intracellular C terminus, three inter-helical loops on each side of the membrane
(ECL1-3, extracellular and ICL1-3, intracellular) and an intracellular amphipathic helix
(H8) (Oldham and Hamm, 2008; Venkatakrishnan et al., 2013; Lu and Wu, 2016). While
some regions of the protein seem to be important for the maintenance of the structure
(i.e.TM3), some others are crucial for the specificity and the response (i.e. TM6, TM7
and H8) (Venkatakrishnan et al., 2013; Lu and Wu, 2016). Another characteristic they
share, which also gives rise to the name of the family is their ability to modulate G-

protein activity.

The now available structural information on these receptors gives us evidence of
the diverse and ample differences in the family. For their classification, there was just
considered that there were 3 classes of GPCRs (A, B and C). However, Fredriksson and
co-workers (2003) made a great and extent identification and classification of GPCRs
giving rise to the GRAFS families (standing for the initials to Glutamate, Rhodopsin,
Adhesion, Frizzled and Secretin families) based on phylogeny. This division in families
does not mean they share big sequence identities (Sl) since they barely reach a 20% of
the Sl in the transmembrane domain and they show few similarities in the extracellular
N-terminus (especially regarding ligand binding structures). It is important to note that
there were around 20 GPCRs that were not fitting to any of this families and are
denominated as “other 7TM receptors” (Schioth and Fredriksson, 2004; Katritch et al.,

2013). GRAFS families are divided as follows:
e Rhodopsin (Class A)

The Rhodopsin family is the largest family of receptors accounting for nearly 700
(241 non-olfactory). As a fingerprint they contain several distinctive motifs. A

NSXXNPXXY motif in TM7 and a DRY motif at the cytoplasmic border of TM3, important
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for protein stabilization and/or G protein activation, allow the conservation of the
inactive structure and favor the formation of TM6-CWxP “toggle switch” upon
activation. The ligand can bind at the N terminus (which length is <100 residues, except
glycoprotein hormones’ receptors) or within a cavity between the TM regions (most
commonly) (Baldwin, 1994; Karnik et al., 2003; Bhattacharya et al., 2008a). This class of
receptors can be devided into a, B, 5 and y based on a phylogenetic analysis (Kochman,

2014; Schioth and Fredriksson, 2004; Katritch et al., 2013).

Figure 11. Proposed structure of the Rhodopsin family (Class A) of the GPCRs
(Obtained and modified from Ellis, 2004).

e Adhesion (Class B)

It is the second largest GPCR family, often described as a marriage between two
receptor families (EGFs and 7TMs). These receptors contain a segment for adhesion, an
integrin binding motif, a mucin-like segment and Cysteine residues in the extracellular
loops causing N-terminus of 200 to 2800 amino acids long (Fredriksson et al., 2003;
Karnik et al., 2003). These elements bring structure stability while contributing to
activation of the receptor upon agonist adhesion (Hayflick, 2000; Bjarnadéttir et al.,

2004).
e Secretin (Class B)

These receptors bind large peptides which act in a paracrine manner. Usually,

they contain long N terminus of ~60—80 amino acids in length with multiple conserved
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disulfide bonds (Cysteine bridges) that bind large peptide hormones (Schiéth and
Fredriksson 2004).

Figure 12. Proposed structure of the Adhesion and Secretin families (Class B) of the
GPCRs (Obtained and modified from Ellis, 2004)

e Glutamate (Class C)

Contain the ligand recognition at the N terminus (280-580 residues) where it
forms two lobes where the ligand can bind and close around in a structure (‘Venus
flytrap’). They may also present a Cysteine-rich domains which may play a role in Ca?*

signal. Some members of this class are not GPCRs but ion channels (Pin and Acher, 2002).

Figure 13. Proposed structure of the glutamate family (Class C) of the GPCRs (Obtained
and modified from Ellis, 2004).

e Frizzled/Taste2

This family encloses taste receptors commonly found in tongue and other parts

of the intestine and the frizzled receptors (~10 in vertebrates). The Taste2 receptors are
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in charge of sensing flavors while Frizzled receptors control cell fate, proliferation, and
polarity during metazoan development. They were originally identified from Drosophila
and the name refers to the curled and twisted WNT ligand (Schioth and Frederiksson,

2004).

3.3.  Activation and signal transduction

3.3.1. Conformation is important

Even though there are a lot of new techniques to explore the structures of GPCRs
(such as x-ray crystallography, fluorescence or bioluminescence resonance energy
transfer (FRET or BRET), etc.), barely 20 members have their structure disclosed
(Venkatakrishnan et al., 2013). The conformational plasticity of GPCRs make them a
challenging target for structural and functional study. Still, their biological function
underlies in this finely regulated plasticity (inactive and active states) (Mangle and Kruse,
2017). The chemical nature of the endogenous ligands is very diverse. Among them, we
may find biogenic amines, peptides, glycoproteins, lipids, nucleotides, ions, and
proteases without leaving behind the signals from exogenous stimuli (light, odor and
taste). Small molecular weight ligands bind the receptors in the hydrophobic core in
between the a-helices while peptides and protein agonists bind at the N terminus and
extracellular hydrophilic loops joining the transmembrane domains (Gather and Kabila,
1998). In any case, the signals are prone to provoke a response in the cell that they are

approaching.

The response that is to be triggered by either of these ‘potential activating
molecules’ will depend on the structure of the GPCR and the conformational changes
that it will drive (Lu and Wu, 2016). Although they are thought to have similar signal
transduction pathways, it turns out that the activation follows a complex cascade that
depends on the receptor, the ligand and modulators (Hang et al., 2013). So, regarding
the first steps to receptor activation, structure is important for receptor specificity and
gives room for orthosteric and allosteric ligands. The binding sites for orthosteric ligands

are commonly found within the 7TM helical bundle and close to the extracellular surface

68



while allosteric ligand-binding sites are less conserved. ECL2 and the TM3 have been
importantly described in this matter. (Cherezov et al., 2007; Warne et al., 2008; Kruse
etal., 2012; Lu and Wu, 2016).

On the other hand, particularly for class A receptors, it has been described an
important role of the TMs, especially TM3. These regions form of a scaffold structure for
ligand recognition and interaction while allowing structure and charge maintenance
(TM1-4) and mobility for signal transduction (TM5-7). (Patel et al., 2005; Cherezov et al.,
2007; Venkatakrishnan et al., 2013; Manglik and Kruse, 2017). These structural changes
will be essential for activation and inactivation. The ability of the agonists or inverse
agonists to stabilize the whole GPCR structure (ECLs, TMs, ICLs and H8) will dictate the
overall activation of the receptor (Gether et al., 1995). Simultaneous conformational
changes will occur upon binding. An adequate activation will be achieved by specific
interactions of some of the transmembrane regions (TM3, TM5, TM6 and TM7) while
other interactions will favor an intracellular-face conformational rearrangement
essential for signal transduction (TM3, TM6 and H8). (Patel et al., 2005; Cai et al., 1999;
Bhattacharya et al., 2008b; Katritch et al., 2013; Manglik and Kruse, 2017). The resulting
conformation will make ICL2 and ICL3 available for B-arrestin interactions or TM3, 6 and
7 for G-protein binding (Marion et al., 2006; Nygaard et al., 2009; Cherezov et al., 2007;
Park et al., 2008; Manglik and Kruse, 2017). Thus, the mechanism of GPCR activation
involves the relaxation of constraining intramolecular interactions and the formation of
new ones (Karnik et al., 2003). Cysteine residues will be crucial for disulfide bonds

formation and the maintenance active/inactive structures (Sheikh et al., 1999).

3.3.2. G-protein dependent activation

Once the pertinent conformational changes have occurred, GPCR activation
occurs. GPCRs were given their name due to the classical signaling pathway described
upon their activation. In this signal transduction, they recruit and regulate the activity of

heterotrimeric G-proteins inside the cell. (Hamm, 1998; Gether, 2000; Wang et al.,
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2018). Upon GPCR activation, these G proteins play an important role in the transduction
of the signal and in determining the magnitude and the duration of such signal (while
maintaining specificity). Two main models of G-protein interaction with the GPCR are
known. The first one suggests that the G-protein is already bound to the receptor before
activation, pre-coupling model. The second one suggests that ligand binding is necessary
for the recruitment of the G-protein, collisional model (Gales et al., 2006; Hein et al.,
2005). GPCRs also achieve several responses by acting through second messengers in
order to produce a variety of cell responses (described afterwards in this section) (Wang

etal., 2018).

Heterotrimeric G-proteins are constituted by the a, B and y subunits product of
more than 2 gene codifications (listed in table 6). There have been reported 4 main
classes of G proteins (Gs, Gijo, Gg/11 and Giz/13, listed in table 7) apparently from 16
individual genes (Hilger et al., 2018). Ga subunit and GBy subunits-dimer are bound
together when Ga is bound to GDP in the inactive state of the heterotrimeric G-protein.
Upon activation of the receptor, GDP is released and GTP is bound to the Ga subunit.
The heterotrimeric protein is compromised and the GDP dissociation from the alpha
subunit is accelerated. The high GTP ratio in the cell causes a fast exchange of nucleotide
and becomes a rate-limiting step in G-protein activation. Once GTP is bound to the alpha
subunit, it causes the dissociation of the GBy-dimer. Both subunits, GBy-dimer and Ga,
have proven to modulate different downstream signaling (a summarized scheme is

presented in figure 14) (Karnik et al., 2003; Hilger et al., 2018).

For its part, Ga can modulate the activity of adenylyl cyclases, cGMP
phosphodiesterases, phospholipase C and RhoGEFs. On the other hand, GBy-dimer can
interact with GPCR kinases (GRKs) and arrestins in order to modulate the GPCR itself and
Potassium and Calcium channels. The dimer can also impact adenylyl cyclases,
phospholipase C, phosphoinosite 3 kinase and mitogen-activated protein kinases
activities. There is an important and fine regulation of the activation of this proteins.

GTPase-activating proteins (GAPs, such RGS proteins), could increase the GTP hydrolysis
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in Ga causing important increase or decrease in the duration and intensity of the GPCR
signaling (Lu and Wu, 2016; Hilger at al., 2018). This is the feature that gave rise to the
new paradigms and orientations on GPCR studies since they are not receptors that just
switch on and off. They can have agonists, antagonists and inverse agonists with

different modulations (Samama et al., 1993).

Agonist
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Figure 14. Summarized scheme of GPCRs’ G-protein activation (Image obtained from

Stewart et al., 2012).

GPCRs exist in dynamic equilibrium between active and inactive states, or
different signaling states. The ligand free receptors can have very different basal activity
that can fluctuate from inactive to a partial activity. Inverse agonists can produce the
decrease in the active state while antagonist do not modify the basal activity (Katritch
et al., 2013). In an attempt to describe this, the ternary complex was described. The
complex considers the agonist (A), the receptor (R) and the G protein (G). When
activated, the receptor forms a low affinity complex between the agonist and the
receptor (AR complex). This complex attracts and couples the G protein causing a high
affinity complex between the three elements (ARG-complex). An appropriate or specific
agonist will cause this high-affinity complex; in other situations a complex between the
receptor and the G protein will be formed spontaneously (describing mutations or even
constitutively active forms). An extended theory established that there are activated

and inactivated receptors bound to the agonists and only the active ones will interact
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with the G-protein. Constitutively active, receptors will be kept active and giving the

opportunity of inverse agonists to modulate the activity (Samama et al., 1993).

Table 6. Classification of Ga subunits Table 7.GB and Gy
Active subunits diversity
Isoform | Gene Effector state Isoform \ Gene
effect Gp subunits
GOLs(s), (1) GNAS + Adenylyl GB1 GNB1
Gs | Gosx)sixx) | GNAS cyclase NcAMP GB2 GNB2
GOl GNAL GBs GNB3
Goty(r) GNAT1 GB4 GNB4
Gaye | GNAT2 - Adenylyl GBs GNBS
Gogust | GNAT3 cyclase Gy subunits
Go Gair GNAI1 J cAMP GY1(Gyrod) | GNGT1
Gaiz GNAI2 + MCa Gy2(Gys) GNG2
Gais GNAI3 | phospholipase Gys GNG3
G0o1,02,03 | GNAO CB Gya GNG4
Ga, GNAZ Gys GNG5
Gog GNAQ + MDAG Gy GNG7
Gq Gai GNA11l | phospholipase (PKC) Gys(Gvorr) GNG8
Gol1g GNA14 | CB = cleavage ™P3 GY9(GVcone, GNGT2
Gaussis | GNALS | PIP2 = IP3, DAG | M [Ca?] Gy14)
Gaa GNA12 | +RhoGEF=+ GY1o0 GNG10
612 small MRhoA Gy1u1 GNG11
Gaas GNA13 monomeric (ATP) Gy12 GNG12
GTPase RhoA Gyi3 GNG13
Obtained and modified from Ellis 2004 and Heng et Ellis 2004
al., 2013

3.3.3. G protein targets

Once activated, G-proteins follow different signaling pathways (main effectors
can be observed in table 6). Gqs stimulates the adenylyl cyclase which will cause an
increase in the production and concentration of cAMP. The cAMP increase will promote
PKA activity. At the same time, in an attempt to control the signal, G inhibits this same
adenylyl cyclase to control cAMP production; PKA on its part will activate some

phosphodiesterases (PDE) to breakdown some of the already available cAMP. Some
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GBy-dimer have also been suggested to modulate adenylyl cyclases dependent on the G
protein and the type of enzyme (Simonds, 1999). In the case of Gqqg/11, the effects are
different. It activates phospholipase C (PLC) B producing inositol 1, 4, 5-trisphosphate
(IP3) and diacylglycerol (DAG) from phosphatidylinositol 4, 5-bisphosphate (PIP2). At the
endoplasmic reticulum (ER) surface, this IP3 will promote calcium release while DAG will
take advantage of this calcium increase to activate PKC. PKC will regulate PLC activity to

modulate a downstream signaling (Vanderheyden et al., 2009; Litosch, 2012).

3.3.4. B-arrestins and the concept of desensitization

Other effector proteins that have been gaining fame are arrestins. Arrestins were
mainly described as responsible for switching off the GPCR, maybe due to the fact that
they promote internalization and, in some cases, degradation of the receptors. Today
we know differential functions important for signaling pathways besides desensitization

(Kong et al., 1994).

B-arrestins are a family of proteins important for regulating signal transduction
at G protein-coupled receptors. They were described to modulate the response upon
GPCR activation by a process named desensitization. For this mechanism to occur, the
activated receptors needs to be phosphorylated by GPCR related kinases (GRKs). Once
this phosphorylation is achieved, the arrestin is recruited to the plasma membrane
where it binds the receptor. These events result in the inhibition of the association with
the G-protein and the G-protein mediated downstream signaling pathways previously
described (Kong et al., 1994; Barak et al., 1997; Krilov et al., 2011). This desensitization
is denominated homologous desensitization. There is another type of desensitization
which occurs in the absence of arrestins (and of an agonist). Heterologous
desensitization is characterized by the phosphorylation of the receptor causing the
activation of kinases, such as PKA and PKC. This activation eventually leads to a
prevention in the coupling of the G-protein to the GPCR. The phosphorylation of the

receptor is achieved by interactions with the ICLs, TM3 and H8. When there is a mutation
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in the Sl the result can be either a constitutive activation or an impaired desensitization

(Valiguette et al., 1995; Montiel et al., 2004; Venkatakrishnan et al., 2013).

After binding to the receptor, the arrestins work as scaffolds for the GPCR to
interact with those proteins that will enable its internalization (i.e. clathrin, adaptor
protein-2 (AP-2) and dynamin. Always mediated by clathrin-coated vesicles the
receptors will be internalized and targeted to early endosomes or to lysosomal
compartments (Goodman et al., 1996; Kang et al., 2009). The final destination upon
internalization will depend on the proteins responsible for internalization and on
whether the internalization is dependent of B-arrestins or kinases. When they are
internalized to be recycled back, they target the early endosomes where they become
dephosphorylated by protein phosphatase 2A (PP2A) and then it is recycled back to the
membrane (Pitcher et al., 1995; Iwata et al., 1999). On the other hand, an internalization
aimed for a down regulation of the signal will target lysosomes. Ubiquitination
(mediated by E3 ligases) has been described to play role in targeting the receptor to
lysosomes for degradation. This will contribute to a decreased expression in the cell
surface and a longer tolerance upon stimulation (Pippig et al., 1995; Shenoy et al., 2009;
Pierce et al., 2002). In addition to this trafficking regulation mediated by internalization,
the Sl in carboxyl tails of the receptors may include multiple clustered phosphorylation
sites causing a slower recycling of the receptor and with this a modulation in the
signaling of the GPCR (Oakley et al., 2000). An illustrated summary of the internalization

mediated by arrestins can be observed in figure 16.
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B-arrestin
binding

Endosome

Figure 15. Arrestin mediated internalization of GPCRs (Image obtained from Pierce et

al., 2002).

3.3.5. B-arrestin mediated signaling of GPCRs

As mentioned earlier in this section, nowadays we know that B-arrestin are not
just important due to their role in desensitization of the GPCRs. Lately, it has been
described that there can occur an alternative ternary complex of agonist, receptor and
B-arrestin. This complex is also able to transduce important signals acting as a scaffold
protein to recruit signal components (i.e. ERK, other MAPKs phosphorylation) (Shenoy

and Lefkowitz, 2003).

3.3.5.1.  ERK signaling mediated by B8-arrestins

Although it was mentioned earlier as part of the signaling cascade for G-proteins,
it has been lately identified that the ERK pathway can be either activated by G-proteins
or by arrestins. Both will have their goals since the G-protein mediated activation will
result in a faster activation while the arrestin activation will be slower and enduring.

When the response needs to be rapidly targeted to the nucleus, the G-protein will be
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activated causing a transient activation of ERK and placing it at the nucleus. On the other
way, a longer lasting activation will cause arrestin-mediated activation of ERK placing it
in endosomes at the cytosol of the cell (Ahn et al., 2004). This pathway can be mediated
by Src scaffolding during cell proliferation, for example, where it regulates the Rb-Rafl

pathway (Charest et al., 2007).

3.3.5.2. Akt scaffolding mediated by B8-arrestins

GPCRs can mediate a recruitment of PP2A to Akt promoting a reduction on its
activity. Akt is a player in the signaling pathway P13K = Akt 2 mammalian target of
rapamycin (mTOR) signaling pathway. Such pathway is involved in apoptosis, cell
proliferation and migration. Although it has not been profoundly studied, it has been
identified an important interaction of protein phosphatase 2A (PP2A), Akt and arrestin.
Arrestin brings them both together in a signaling scaffold leading to important effects
on metabolism upon GCPR activation targeting this pathway (Morgensztern and

McLeod, 2005).

3.3.5.3.  Phosphodiesterases complexes with 8-arrestins

Also interesting regarding GPCR signaling, complexes formed with
phosphodiesterases and B-arrestins modulating cAMP-dependent signaling have been
reported in cardiomyocytes. These complexes will cause the degradation of cAMP and
alter PKA regulation modifying the overall response to GPCR activation (i.e. B2AR)
(Baillie et al., 2003). Figure 16 describes the mechanisms of G-protein dependent and

G-protein independent GPCR activation.
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3.3.6. The concept of biased signaling

Approximately 10 years ago, the multifunctional adaptor B-arrestins were found
to be able to initiate parallel G protein-independent signaling pathways. The distinct b-
arrestin mediated signaling defined a new GPCR activation mode called ‘biased
activation’. In this type of activation, a receptor may show preference for signaling
through a particular effector dependent on the ligand that bounded it. Initiation of
biased GPCR signaling is conveyed by GPCR conformational changes and a ‘phospho-
barcode’ by the receptor and GRKs (or sometimes PKA) (Venkatakrishnan et al., 2013;
Zhang et al., 2015; Wang et al., 2018).

The fully active state of the receptor will become the dominant state only after binding
of a G protein, arrestin or conformation- specific antibodies. There may not be a single
active state and ligands could be able to stabilize distinct conformations. These
conclusions regarding the stabilization of different conformations give rise to diverse
downstream responses. In this context, modifications in the conformation of those
helices that have not been linked to the recruitment or interaction with G proteins may
possibly mediate biased signaling (Azzi et al., 2003; Katritch et al., 2013). So, different
ligands that can activate the same receptor thus producing different conformational
chances. Different agonists will cause unusual conformations with features intermediate
between fully active and inactive states. Which may be representative of an arrestin-
preferring signaling conformation. This ‘promiscuity’ of the receptor will be given by the
sequence and structural diversity in the extracellular region. These Sls will allow GPCRs
to recognize a wide range of agonists which may stabilize similar conformational
changes on the intracellular side of the receptors. These structure stabilizations will
converge on the activation of a small number of effector G proteins, arrestins, and
kinases. And this is precisely how the signal transduction starts. Depending on the
activator, the GPCR can drive either one or another conformational change favoring a
different transduction. The internal configuration adopted by the helixes will be
important for the transduction and will depend on the receptor and on the ligand (i.e.

In the structure of B2AR in complex with Gs protein, the C terminus of the Ga subunit
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interacts with the intracellular parts of TM3,5 and 7 well as ICL2). Moreover, this
reconfiguration of the receptor will provoke a reorganization of the cytoplasmic side of
the receptor exposing or enclosing the intracellular sequences of the receptor. The
display of such sequences will engage the corresponding downstream signaling. These
effects have led us to categorize some GPCR ligands as biased ligands since they
selectively activate certain receptor-associated pathways at the expense of others
(Kenakin, 2001; Katritch et al., 2013; Hilger et al., 2018). It is important to mention that
identification of specific ligand-receptor interactions, or triggers, that control the
equilibrium between receptor functional states is critical for understanding and
potentially designing efficient agonists (including agonists with desired functional
selectivity) (Katritch et al., 2013; Manglik and Kruse, 2017). Also, we shall remember that
the knowledge in GPCR signaling is still increasing, these are some of the basic data
known until know. Recent findings suggest different interactions with G proteins, even
suggesting that there are no Ga and GBy-dimer dissociations during activation but rather

a reorganization in the structure able to transduce the signal (Frank et al., 2005).

3.3.7. GPCR dimerization role on activation

Numerous studies have suggested the existence of homodimers, heterodimers,
and higher oligomers important for many GPCRs’ activities. Further, it has been
proposed their role in the regulation of GPCR function and cross talk. This matter has
been kept under doubt due to the controverted results, some of the techniques make
specialists consider this structures as an artifact, especially regarding in vitro studies
(Kenakin, 2001; Katritch et al., 2013). Besides these opinions, the amount of studies
which face the occurrence of these dimers are increasing and seem important for the

future understanding of GPCR signaling.

Dimerization activation of GPCRs has been proposed to be important for certain
signaling pathways, as well as for the function of receptors. The receptors assume

different states as monomers or dimers and their signals and functions are also different.
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Figure 16. G-protein dependent and B-arrestin dependent activation of GPCRs (Image

obtained and modified from Hilger et al., 2018)
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Some receptors’ differential activation precise dimerization in order to give a certain
response. This means that a certain response by the GPCR composing the dimer will only
be produced in the presence of the other and never as monomers. Besides, it has been
detected that the components are able to exchange the signal from a G-protein
dependent transduction to an arrestin-dependent one. As dimers, GPCRs are as well
able experience a transactivation of the receptor. This transactivation consist of a signal
transduction combination with another type of receptor (i.e. tyrosine kinase receptors
(RTKs)). The obtained signal of the transactivation will also be conditioned to the
presence of both components. Thought-provoking to this type of signal is the idea of a
ligand-dependent and a ligand-independent signal given by both receptors. Finally, a
biphasic activation is another unique activation pattern of GPCRs where there are two
different phases of activation for one type of receptor; an early phase detected within
the first 5 to 10 minutes and late phase observed past 90 to 120 minutes. Both phases
may have different effectors and responses. Altogether, these types of activation
expand the repertoire of GPCR signaling and function (Wang et al., 2018). A summarized

scheme of GPCR signaling responses is illustrated in figure 17.
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Figure 17. Models of GPCR activation (Image obtained from Wang et al., 2018)
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3.4. GPCRs activated by circulating metabolites and energy substrates

Earlier in this dissertation, it was mentioned the great variety of molecules that
can target a GPCR. One type of molecules that have been gaining attention in the past
few years regarding these receptors’ activation are circulating metabolites and energy
substrates. GPCRs are able to sense changes in extracellular metabolites that fluctuate
in between specific ranges of concentrations. The changes are very well identified by
the specific GPCRs that are to be signaled and as so, they tend to modulate metabolism
with specific responses (Recio et al., 2018). Since the development of new technologies
that are able to deorphanize GPCRs, scientists have found a large group of metabolite-
sensing GPCRs. Furthermore, these metabolite-sensing GPCRs have been found to be
expressed in cell types important for metabolism and immune response (i.e. adipocytes,
hepatocytes, B-cells and macrophages). Given these findings, recent works aiming to
target these receptor in order to better understand their biochemistry have proven their
important roles in metabolism, physiology and the progression of metabolic
abnormalities associated with obesity (Alvarez-Curto and Milligan, 2016; Yonezawa et

al., 2013).

Hence, metabolites possess a dual role in the coordination of metabolism
since they are a source of energy (that will also modulate metabolism at the point of
electron transport) and they are able activate GPCRs resembling a hormonal molecule.
This mechanism of metabolite sensing-GPCRs gives them a quality to modulate
metabolism and gives an opportunity to develop new therapies for the treatment of
metabolic disorders (Blad et al., 2012). A large number of GPCRs have been reported to
be activated by intermediates of energy metabolism, including free fatty acids (FFAs),
lactate, succinate, and ketone bodies (among others); table 8 shows a compilation of

some of the metabolite-sensing GPCRs and their described roles.
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3.4.1. GPCRs activated by fatty acids

Lipids were not recognized as important ligands of GPCRs until not so long ago.
Actually, it was not until early 90’s when the first cannabinoid receptor was cloned as
the first lipid-activated GPCR (Matsuda et al., 1990). In present days, we know that lipids
are important for GPCR structure and stability and that lipid species can exert certain
effects on cell performance through GPCRs. The structure of these lipid-signaling GPCRs
will also be special due to the fact that the N-terminus and the ECLs need to form an
hydrophobic pocket for them be able to bind to the receptor. (Im, 2004; Obinata et al.,
2005; Alemany et al., 2007; Lu and Wu, 2016; Miyamoto et al., 2016).

Out of the group of lipids, FFAs have revealed to be not only important nutrients
from dietary fat (since they provide high amounts of energy) but also important for the
composition of the cellular/structural lipids (i.e. lipid bilayer phospholipids). Moreover,
they also play a key part as signaling molecules that mediate critical biological functions
(Recio et al., 2018). They comprise a carboxylic acid attached to an aliphatic tail of
different chain dimensions. These dimensions are the basis of FFA classification into
short chain fatty acids (SCFAs), with 6 or less carbon chains; medium chain fatty acids
(MCFAs), with 7-12 carbon chains; and long chain fatty acids (LCFAs) with 213 carbon
chains. Also, these LCFAs are able to contain unsaturations, giving rise to a second
classification of these FAs into the saturated (SFA), monounsaturated (MUFA), and
polyunsaturated (PUFA) fatty acids (Milligan et al., 2017). As mentioned, lipid-mediated
GPCR signaling is recent to our knowledge. Previous data on the metabolic and signaling
roles of lipids were mostly oriented to the activation of PPARs and FABPs (Hara et al.,
2011; Michalik et al., 2006). Out of this list, the recognized GPCRs known to be activated
by FFAs are GPR40 (FFAR1), GPR41 (FFAR3), GPR43 (FFAR2), GPR84 (EX33) and GPR120
(FFAR4). GPR40, GPR41 and GPR43 are found in a cluster present on chromosome
19q13.1, GPR84 is located on chromosome 12q13.13 and GPR120 is located on
chromosome 10g23.33 (Ichimura et al., 2009). Their tissue preferential expression and
their activation effects are listed on table 8. Out of this subgroup, we can point out a

pair of GPCRs that have been studied with emphasis in current scientific works
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(especially regarding inflammation and obesity related comorbidities). This is due to the
fact that in the recent years, a subgroup of FFA has been described to exert beneficial
effects on the physiology of the individuals, the polyunsaturated fatty acids (Kuda et al.,
2018).

3.4.2. GPCRs activated by polyunsaturated fatty acids

It was detailed that FAs are able to contain unsaturations, these unsaturations
may be present in several positions which are also important. They are defined by how
far from the terminal carbon the first unsaturation occurs. Out of this characteristic we
can have 3 main types of unsaturated FAs (figure 19), omega-3 (n-3), omega-6 (n-6) and
omega-9 (n-9, mainly MUFAs) (Milligan et al., 2017). PUFAs include two subgroups of
FA: n-3 and n-6. They started to become popular due to the fact that Eskimos had lower
cardiovascular diseases-related mortality and this was linked to a diet rich in this type of
FA (Wiktorowska-Owczarek et al., 2015). While n-6 FAs are more related to the
formation of prostanoids with a proinflammatory activity, n-3 FAs have shown to have

potent anti-inflammatory effects (Oh et al., 2010; Nowak, 2009).

The most abundant and important, considering dietary intake, n-3 FAs are a-
linolenic acid (ALA), eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)
(illustrated in figure 18). The effects observed after the consumption of these n-3 FAs
are the maintenance of the cell-membrane fluidity, inhibition of inflammatory
processes, decrease the secretion of pro-inflammatory cytokines by
monocytes/macrophages, decrease in the susceptibility to ventricular rhythm disorders
of the heart, improvement of vascular endothelial cells function, inhibition of blood
platelet aggregation and decrease in hepatic lipogenesis (Nowak, 2009). Still, there are
some studies that show evidence against the healthy effects of increasing n-3
consumption (Yip et al., 2013). So, it is essential to better understand the biochemical
effects that n-3 FAs exert. In that context, we step in the fact and new evidence revealing

a subgroup in the lipid-activated GPCRs, the GPCRs activated by PUFAS.
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Figure 18. Fatty acid examples. A saturated fatty acid, a MUFA (n-9) and two PUFAs (n-
6 and n-3) (a); and the structures of the n-3 FAs ALA, EPA and DHA (b) are shown.
(Image obtained and modified from Valenzuela and Valenzuela, 2013 and Mozaffarian

and Wu, 2011).
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The GPCRs activated by PUFAs are GPR40 and GPR120 (figure 19). Both receptors
have multiple reports on contributing to an improvement of the metabolic conditions
upon activation. Yet, their distribution and biological response are not even. This
suggests they both have specific and complementary roles. While GPR120 is found
importantly expressed in ileum, colon, adipocytes, macrophages and lung (as the main
sites of expression), GPR40 is mostly found in pancreatic beta cells and liver. So GPR120
has been linked to metabolic regulation and immune response (anti-inflammatory
effects) while GPR40 has been more attached to insulin secretion (ltoh et al., 2003;

Hirasawa et al., 2005; Cornall et al., 2014; Hara et al., 2011).
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Figure 19. GPR40 (a) and GPR120 (b) expression, G-protein or arrestin interactions and

effects (image obtained and modified from Milligan el at., 2017).



3.4.3. GPR120 or Free fatty acid receptor 4

GPR120, also known as FFAR4, is a GPCR member of the Rhodopsin family. At a
very first sight, GPR120 has a different sequence homology to the rest of the free fatty
acid receptors (FFARs). For this reason, it resulted awkward to classify it in this group of
receptors for the first research group that achieved its deorphanization (Hirasawa et al.,
2005; Davenport et al. 2013). Hirasawa and co-workers (2005) identified this receptor
to be responsive to PUFAs and from them on, the receptor was considered a FFAR. In
the present, several synthetic agonists and antagonists have been developed. These
compounds have helped elucidate mechanism of action, roles and also therapeutic
effects of GPR120 activation. Table 9 lists the main agonists and antagonists reported

for GPR120.

Table 9. Main agonists and antagonists reported for GPR120
Agonists Antagonists
Natural
Alpha-linolenic acid
Docosahexaenoic acid
Eicosapentaenoic acid
Grifolic acid
Branched Fatty Acid Esters of Hydroxy
Fatty Acids (FAFHAS) AH 7614

Synthetic
GW9508
TUG-891
Compound A
NCG-21
Data obtained from Oh et al., 2010 and Milligan et al., 2017.

3.4.4. Structural characteristics and polymorphisms

Depending on the species where it is studied, GPR120 (or FFAR4) can exist in
multiple splice variants. For the purpose of this dissertation we will focus on human

(Homo sapiens) and mice (Mus musculus) (Watson et al., 2012). Humans have shown to
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express two variants, a long and a short isoform. While the short isoform corresponds
to the one found in mice (species only expressing the short isoform), the long is
characterized by a 16 amino acid insertion in the third intracellular loop of the short
variant. It results interesting that this former variant seems only present in colon and
the ability to cause an increase in intracellular calcium [Ca?*] (and a signal transduction)
remains unclear (Moore et al., 2009; Watson et al., 2012). In relation to human variants,
there have been reported a couple of polymorphisms. Both classified as rare in the
European populations. One is R254H'3, a single-nucleotide polymorphism in the short
isoform of FFA4; the second is R270H'2 variant which is observed in the long isoform.
Both polymorphisms have been linked to obesity and possibly to increased fasting
glucose in both, human and mice. This polymorphisms were mainly related to the signal
mediated by G-proteins (where there was observed either a decreased or none
transduction of the signal) but not in arrestin mediated signaling (Ichimura et al., 2012).

Although, Vestmar and co-workers (2016) failed to reproduce this correlations.

3.4.5. Distinctiveness in the signaling mediated by GPR120

As explained in the previous sections, GPCRs are given their name due to the fact
that they interact with G proteins. In the case of GPR120, the G-proteins described (so
far) to mediate signal transduction pathways are Gag/11 and Gai (Briscoe et al., 2006;
Engelstoft et al., 2013). However, and also explained earlier in this text, there are
alternative mechanisms for the signal transduction of this receptors. In this case, and
also reported by Hirasawa and coworkers in 2005, it was observed that the activation of
this receptor caused a fast internalization. This rapid internalization of the receptor is
mainly due to the interactions of the C-terminus of the receptor with B-arrestins 2 and
3 (Watson et al., 2012; Hudson et al., 2013). The internalization response has been
attributed to the activity of kinases (i.e. GRKs, also described earlier) and are presumably
dependent on the cell type and the agonist. What remains to be elucidated are the

mechanisms and specificity of this response (Burns et al., 2014).
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3.4.6. Tissue expression and roles

GPR120 was initially described to be a GPCR characteristic of the intestinal cells.
Indeed, lower intestine shows an increased expression of this receptor and it also seems
to be regulated by diet and microbiota. In intestine there is an increase in GPR120
expression upon diet induced obesity (DIO) (Homo sapiens, Ratus norvericus) (Duca et
al., 2013; Paulsen et al., 2014). Also, in vitro studies demonstrate that different species
of microbiota show differential expressions of the receptors in CaCo2 intestinal cells
(Fredborg et al., 2012). Activation of GPR120 in enteroendocrine cells has proven its
capacity to induce the secretion of ‘gut hormones’ from these cells. Glucagon-like
peptide-1 (GLP-1) (Hirasawa et al., 2005), cholecystokinin (CCK) (Tanaka et al., 2008),
Gastric inhibitory polypeptide (GIP) (lwasaki et al., 2015) and ghrelin (Lu et al., 2012)
have been proposed to be regulated by enteroendocrine cells in response to GPR120
activation by LCFAs. These effects were lost for GIP in the GPR120-/- in vivo models but
not affected in the case of GLP-1, CCK and ghrelin (Xiong et al., 2013; Liou et al., 2011;
Engelstoft et al., 2013).

On the other side, it is now well established that there is a high presence of
metabolite-sensing GPCRs in adipocytes and other adipose tissue cells (Blad et al.,
2012). GPR120 is part of this nutrient-sensing squadron at the AT. Adipocytes and AT
express GPR120 importantly as reported by various groups (including ours) and it is
expressed in greater quantity in brown adipose tissue (Gotoh et al., 2007; Miyauchi et
al., 2009; Blad et al., 2012; Rosell et al., 2014). The specific effects concerning WAT and
white adipocyte include a requirement of this receptor for an appropriate cell
differentiation and a marked regulation of lipolytic enzymes thus controlling circulating
levels of TG (Gotoh et al., 2007). GPR120 activation in vitro also showed Gag/11-
dependent translocation of Glut4 to the membrane consistent with an increase in the
expression of glucose metabolism genes in 3T3 L1 cells. These results suggest a role in
glucose oxidation in white adipocytes (Oh et al., 2010; Liu et al., 2012). Likewise, the

activation of the receptor in these cells caused a decrease in the expression and release
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of inflammatory factors such as MCP-1 and IL-6 as provoked by TNFa treatment in vitro

(Cranmer-Byng et al., 2015).

Few reports were available at the beginning of this project in relation to BAT and
brown adipocytes. What was known at the moment was that these tissue expressed
high levels of this receptor. Likewise, upon cold exposure, BAT increases GPR120 gene
expression levels which suggested a role in thermogenesis (Rossel et al., 2014). Opposite
to what was found on intestine, it is still unclear whether obesity induces an up-
regulation or a down-regulation of the expression of this receptor in this tissue (Ichimura

etal., 2012; Rodriguez-Pacheco et al., 2014).

Also important to this tissue, and in relation to other tissues’ metabolic behavior,
is the expression of this receptor in macrophages. It was previously mentioned that
GPR120 showed an increased expression in cells typical of the immune system, however,
not all of these cells’ responses upon activation of GPR120 have been explored.
Macrophages are one of these cells enclosed in the group of immune system response.
Their name is derived from the greek and meaning “large eat-ers”. They are a type of
white blood cells which are able to phagocyte strange cells or substances not expressing
marker proteins in the surface (similar to those expressed by typical and healthy cells on
the environment they are to monitor). So, their role is critical for the control of the
healthy status of the organism as a whole but is crucial on tissue specific control of
populations. (Ovchinnikov, 2008). Regarding their role in the AT, it has been reported
that these cells have an increased expression of this particular receptor and, surprisingly,
macrophage derived secretions are able to induce the expression of GPR120 in
adipocytes (Trayhurn and Denyer, 2012). The precise role in macrophage inhibition of
inflammation has been more widely explored. In this cell type, it is well recognized that
B-arrestin 3 plays a central role in the signal transduction upon activation. Once the
ligand, mainly the n-3 DHA in this case, is bound to the receptor, B-arrestin 3 is recruited
to the GPCR. This event causes B-arrestin 3 to interact with a TAK1 binding protein

(TAB1). This sequestration of TAB1 prevents it from binding TAK1. By preventing
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TAB1/TAK1 interaction, GPR120 blunts NFkB activation and also the release of
inflammatory cytokines such as TNFa and IL-6. Other groups have argued whether this
signal also produced a down-regulation in cyclooxygenase 2 (COX2) preventing, with
this, the production of prostaglandin E> (PGE;). However, opposing results keep this
theory to be better explored. What is true is that the effects over inflammation caused
by the activation of the receptor in these cells (specifically being activated with DHA)
lead to an overall improvement of the metabolic conditions (Oh et al., 2010; Trayhurn

etal., 2012; Li et al., 2013; Liu et al., 2013; Frolov et al., 2013).

We mentioned earlier that the impaired activation of the receptor or its absence
led to the development of obesity and to an increase in fasting plasma glucose (human
polymorphisms or loss-of-function animal models). This observation gave rise to a series
of investigations regarding the effects of GPR120 activation, especially considering the
healthy effects of n-3 PUFAs on the overall metabolic status. Despite all these supporting
information and results with GPR120-deficient animal models, it remains unclear the
exact role of GPR120 on the improvement of systemic insulin sensitivity due to PUFAs
supplementation (Oh et al., 2010; Ichimura et al., 2012; Suckow et al., 2014; Bjursell et
al., 2014).

Smooth muscle lung cells, pancreatic islets’” cells, taste buds monocytes and
other immune cells have also been reported to express the receptor. The mechanisms
and effects of the activation of the receptor in these cells has not been elucidated.
Relevant to metabolism and as a therapeutic target of another important pathologies
like cancer, the expression of GPR120 seems to be regulated (enhanced or reduced) in
different cancer cells lines. The mechanisms remain unclear, compared to the actual
knowledge regarding the mechanisms in inflammation. However they continue to be
promising in the treatment of cancer due to several data proposing chemotherapy
resistance. Some other authors have found contradictory data, though (Wu et al., 2013:
Liu et al., 2015; Houthuijzen et al., 2017; Zhu et al., 2017; Zhu et al., 2018; Senatorov
and Moniri, 2018).
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The current knowledge regarding the expression of GPR120 gives a promising
landscape of the pharmacological opportunities targeting the receptor. An increased
research concerning other mechanisms by which the activation of this type of receptors
achieve a general improvement in the metabolic status is necessary. The generated
knowledge would help elucidate their physiological role. In this context, the work
presented in this dissertation directed strategies to better understand a possible

modulation of a hormone-like batokine, FGF21, by the activation of GPR120.
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4. Fibroblast growth factors family

The FGFs (Fibroblast Growth Factors) were initially described almost 8 decades
ago (Trowell and Willmer, 1939). They are a highly conserved family among the animal
kingdom and have shown to be ubiquitously expressed in metazoans. The aminoacid
sequence homology they share oscillates from 13 to 71 %. Regarding the size of the
polypeptide, it varies from 17 to 34 KDa but despite the size differences they all contain
a conserved central domain formed by a 120-130 aminoacid sequence. Concretely in
vertebrates, 22 members have been described. These members are highly conserved in
function and structure, even regarding isoforms. Besides this, they also share a high
affinity for HSGAG (heparan sulphate glycosaminoglycans) necessary for FGFs (with the
exception of FGF11-14) to appropriately activate the four types FGF receptors (FGFR)
(Goetz et al., 2007; Maddaluno et al., 2017; Porta et al., 2017).

FGFRs are high-affinity single-pass transmembrane tyrosine kinase receptors.
There are four main types FGFR1, FGFR2, FGFR3 and FGFR4. Recently, a receptor named
FGFRL1 (fibroblast growth factor receptor like 1) which lacks the intracellular tyrosine
kinase domain and antagonizes some of the functions has been described. Regarding
special mechanism of signaling, the traditional FGFs require heparan sulfate as a co-
factor in order to trigger a signal transduction. However, a subfamily of FGFs (FGF19)
display endocrine characteristics, this subfamily requires another protein that will act as
a co-receptor, the proteins that will act as co-receptor on this process are proteins
named klotho (Kurosu et al., 2007; Trueb, 2011; Kyrou et al., 2017). The relevance of
these proteins can vary depending on the stage of life at which the organism is. As an
embryo, FGFs will play central part in the regulation, proliferation, migration and cell
differentiation to proper achieve development. Once the organism reaches adulthood,
FGFs take part in tissue repair, cell damage and are crucial for homeostasis achievement
(Ornitz and Itoh, 2015; Li et al., 2016). These last characteristics helped to describe some
FGFs, identifying them due to their role as growth or mitogenic factors. Some others,
like FGF21, were firstly described and then corroborated as a member of the family

(Ornitz and Itoh, 2001; Itoh and Ornitz, 2011).
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Since 2012, FGFs have been classified in seven subfamilies (depicted in figure 21)
based on the aminoacid sequence similarity (Oulion et al., 2012). Besides this similarity,
they also share functionality during the organism development or other biochemical
properties. The fact that the numbers sum up to 23 when it was mentioned that 22 have
been described is because FGF19 has an orthologous in mice, FGF15. This has also been
reported for some other FGFs in other vertebrates which suggests that none FGF has
been acquired after the division of mammals form the rest of vertebrates (Itoh and
Ornitz, 2008). Regarding the distribution of the FGFs in the genome, they are at multiple
localizations suggesting duplications and translocation during the evolution. Mice (Mus
musculus) and humans (Homo sapiens) share the seven identical families (previously
mentioned), this makes this specie a good model for studying these proteins (Itoh and

Ornitz, 2008; Li et al., 2016).
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Figure 20. FGF family phylogeny (image obtained from Maddaluno et al., 2017).
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4.1. The structure of a FGF

FGFs contain a sequence of 120-130 aminoacids which form a B- trefoil structure.
Paracrine FGFs contain 12 B- folds while endocrine just contain 11. The central structure
is escorted by aminoacid sequences, N- or C- terminal, which confer them their special
functions including heparan sulfate interaction. (Goetz et al., 2007; Goetz and
Mohammadi, 2013). Regarding FGF21 structure, it also possesses a B- trefoil structure
and contains a 14 aminoacid-long C-terminus domain necessary for B-klotho interaction
(co-receptor for its signal transduction). This C-terminus determines FGF affinity to the
receptor. Endocrine factors’ C-terminus shows a reduced affinity to the receptor which
is the essential characteristic for their endocrine activity (Yie et al., 2009; Micanovic et

al., 2009; Li et al., 2016).

9
N

Figure 21. FGF21 structure (image obtained from Gimeno and Moller, 2014).

4.2. FGFs classification by functional characteristics

Besides the classification by phylogeny, they can also be classified by their
functionality. The 22 members of the FGF family, and their receptors, can be expressed
in all or many of the tissues in an organism. Considering their mechanism of action, FGFs
can be categorized into intracrine, autocrine/paracrine and endocrine subgroups (Itoh

and Ornitz, 2011; Kyrou et al., 2017).
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4.2.1. Intracrine FGFs

This group of FGFs are not secreted from the cell, this means that their
mechanism of action and targets are situated inside. This also means that an FGFR won’t
be necessary for them to activate a signal transduction. Instead, they are able to interact
with the intracellular domains of sodium voltage-dependent channels and other
neuronal MAPK. The described members as part of this family are FGF11, FGF12, FGF13
and FGF14 and have been studied for their role in electrical excitability of neurons

(Kyrou et al., 2017).

4.2.2. Autocrine/paracrine FGFs

This FGFs have an N-terminus peptide that acts like a signal in order to be able
to be secreted from the cell. This peptide is also the site of interaction with the heparan
sulfate proteoglycans for the adequate interaction with the FGFRs and a co-receptor in
order to trigger a signal transduction. When these FGFs interact with the FGFR and co-
receptor, it allows a receptor dimerization, phosphorylation and the activation of the
signal transduction. Heparan sulfate in these molecules also works as a strap which
maintains the molecule within the same tissue of production making them able to
activate either the same cell that secreted them or the neighbor cells. Most of the FGFs
subfamilies are in this category: FGF1/2/5, FGF3/4/6, FGF7/10/22, FGF8/17/18 and
FGF9/16/20. Interesting for this group is the ability of some factors to translocate to the

nucleus and act in an intracrine manner (Kyrou et al., 2017).

4.2.3. Endocrine FGFs

The low affinity for heparan sulfate makes this FGFs able to circulate freely
through blood in the organism activating cells in other tissues. The low affinity for the

heparan sulfate forces them to require another co-receptor to achieve the activation of
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the receptor. This co-receptor is often a klotho protein (with several forms later
described). They act mostly as differentiation factors in embryos and as hormones in

adult organisms. Part of this group are FGF15/19, FGF21 and FGF23.

4.3. FGFs receptors (FGFRs)

As it was briefly mentioned, FGFs exert their effects upon the binding to
receptors present in the cell membranes. The FGFRs, possess a canonical tyrosine kinase
receptor structure of an approximate of 800 aminoacids. They are conformed by three
extracellular Immunoglobulin (Ig)-type domains (lgl, Igll, Iglll), two of them, Igll and Iglll,
forming the FGF-binding site structure. They also present acidic residues between Igl
and Igll (apparently related to a self-inhibition process), a single pass transmembrane
domain and an intracellular tyrosine kinase domain (Wang et al., 1995; Powers et al.,

2000).

The FGFRs are codified by four genes: FGFR1-4. These genes can be subject of
exonic splicing generating a receptor with no Igl or without the acidic residues at Iglil.
As a result of these splicing, there can be obtained two isoforms of each receptor (except
for FGFR4), the isoforms will have different characteristics in the binding on the ligand
and possibly modulating the response upon activation. The splicing causes and increase
in the functionality of the FGFs since isoforms b are more present in epithelial cells wile
isoforms c will be present in mesenchymal stem cells (MSCs) (Johnson et al., 1991; Itoh
and Ornitz, 2004; Beenken and Mohammadi, 2009). Table 10 shows the affinity for the
FGFRs established by the Baf3 cell mitogenicity assay for the members of the FGF19 sub-
family, which are the endocrine FGFs like FGF21.

Table 10. Specificity of FGFRs for the FGF19 subfamily (endocrine factors)

FGFR1b | FGFR1c | FGFR2b | FGFR2c | FGFR3b | FGFR3c FGFR4
FGF15/19 - +++ ++ ++++++ + ++++ ++++++++
FGF21 + + +++ +++ + + ++++
FGF23 - + ++ +++ + ++ ++++++

Information obtained from Mason, 2007
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4.4. Co-receptors mediating FGFs behavior and activity

Dictated by their aminoacid sequence, the FGFs will be able to interact with two
main types of co-receptors. This will modulate their migration and stability outside the

cell and will determine the magnitude and specificity of their signal.

4.4.1. Proteoglycans

Part of the receptor interaction and important for these factors is their ability to
interact with the proteoglycans heparin or heparan sulfate. Both are proteoglycans
abundant in the cell surface and in the cellular matrix, making it important for protein
stability and retention in the tissue they are to target (especially for the
paracrine/autocrine subfamilies). Once activated, the FGFRs targeted by paracrine FGFs
cause a complex formation composed by the FGF, FGFR and HSGAG. The relation of the
components should be in a strict dimer (2:2:2) due to a better stability compared to
1:1:1. This complex is also important because it increases the affinity between the
ligands and the heparan sulfate causing a sequestration of the ligand and keeping it close
to the area of activation. This dimerization causes an autophosphorylation of the
substrates. Some examples of these substrates are FGFS2a (FGFR 2a substrate), PLC
(Phospholipase C) or MAPKs (i.e. ERK1/2, relevant to FGF21 signaling) (Itoh and Ornitz,
2004; Kharitonenkov et al., 2008; Itoh and Ornitz, 2011; Goetz and Mohammadi, 2013).
In the case of the endocrine factors, their low affinity for heparan sulfate helps them
escape from the tissue they were produced and then put in circulation to target other
tissues. This means that whenever they target a potential cell to activate they will need
other type of proteins to help them interact and activate their receptors. These require

co-receptors, the klotho proteins (ltoh, 2010, Tiseo et al., 2015).

4.4.2. Co-receptor 8 klotho

As mentioned, endocrine receptors precise a protein that facilitates their
interaction with the FGFR, klotho proteins cover this role. There are 3 klotho proteins:

a, B and lactase-like (LCTL) or y. Klotho co-receptors are members of the 1B-glycosidase.
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a and B Klotho, contain two B-glycosidase-like domains while y-klotho just contains one.
The three of them contain a transmembrane domain and a short cytoplasmic tail. While
o-klotho has been reported to mediate FGF23 signaling, B-Klotho has been described for
the downstream signaling of FGF21 and FGF15/19. Less is known about y-klotho just
being described as an additional co-receptor for FGF19 (Fon Tacer et al., 2010; Long and
Kharitonenkov, 2011). In the case of endocrine FGFs, they require the formation of a
ternary complex in the presence of the Klotho protein preserving a relation 1:2:1 in
order to have an appropriate signal transduction. As endocrine factors, these FGFs are
able to target most of the tissues, the presence of all the FGFRs in the tissues may imply
the potential activation of all of them by the FGFs. However the activation of the signals
in different tissues will be regulated by the expression of the co-receptors in the tissues.
o-klotho expression will mark the activation of FGF23 and is mainly expressed in
cerebellum, kidney and the reproductive organs. B-klotho (KLB), on its part, is
predominantly expressed in metabolically active tissues (i.e. liver, pancreas, CNS, heart
and adipose tissues) (Kurosu et al., 2007; Fon Tacer et al., 2010; Planavila et al., 2015).
The abundance of the co-receptors and the isoforms of the FGFRs present in the tissue
will also modulate the given response and interaction (i.e. c-isoforms have shown
increased affinity for a and B-klotho cofactors) (Koruso et al., 2007; Goetz and

Mohammadi, 2013).
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Figure 22. FGFR and B-Klotho structure (image obtained and modified from Donate-

Correa et al., 2016).
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4.5. Endocrine FGFs subfamily

Sub-family FGF19 has been reported to have important roles on homeostasis and
their receptors are importantly expressed in a great variety of tissues. They differ from
the canonical FGFs as they act as circulating hormones (Degirolamo et al., 2016). As for
circulation levels, in humans the amount of circulating proteins of this nature may vary.
This is mainly due to the fact that they are highly bioactive molecules with a half-life of
approximately 30 minutes (Kharitonenkov et al., 2007; Angelin et al., 2012). In the past
decade, FGF15/19, FGF21 and FGF23 have been the focus of attention due to their
participation in inter-organ endocrine signaling axes. Their participation has been
described important for maintaining whole-body homeostasis, as they govern bile acid,
glucose and lipid metabolism, modulate vitamin D and phosphate homeostasis, and
assist the metabolic adaptation in response to fasting. More importantly, marked
modifications in circulating endocrine FGFs have been associated with human chronic
diseases (i.e. obesity, T2DM, coronary artery disease and cancer). Thus, they have been
explored due to their potential roles not only as biomarkers of the diseases’ progression
but also a therapeutic targets for the treatment of those diseases (Degirolamo et al.,
2016; Donate-Correa et al., 2016; Kyrou et al., 2017). Table 11 summarizes the current

knowledge on endocrine FGFs roles and their signaling in several diseases.

Table 11. Endocrine FGF physiological roles and signaling disorders
Endocrine . . Changes in signaling
FGEs Physiological roles with disease
Increased in: extrahepatic
1 Bile acid synthesis cholestasis a'nd c_hronlc
J' Gluconeogenesis hemodialysis
FGF15/19 . & Decreased in: Inflammatory bowel
‘N Protein and glycogen . .
Svnthesic disease, primary
y bile acid malabsorption
NAFLD and obesity
‘N Hepatic fatty acid oxidation
T Ketogenesis . Increased in: T2DM, MS,
N Gluconeogenesis
. NAFLD and coronary
‘N Thermogenesis heart disease
FGF21 N WAT browning
‘N Growth hormone resistance . .
. Decreased in: anorexia
N Weight loss nervosa
J, Ovulation
J Growth hormone signaling
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J Renal phosphate Increased in:
absorption rickets, tumor-induced
{ Bone and renal calcium osteomalacia and
FGE23 .real:?sorption . cardiac hypertrophy
J Vitamin D synthesis
J PTH secretion Decreased in: familial
/M Calcium secretion tumoral calcinosis
N Life span and hemodialysis
Information obtained from Degirolamo et al., 2016

As it can be observed in the above table, FGF21 is important for metabolic
regulation and fat mass activation or inhibition under dietary stimulus. For this reason
and the possible implications in adipose tissue metabolism, it will be the central

endocrine FGF to be described in this dissertation.

4.5.1. FGF21

In an attempt to perform a screen for new FGFs, in 2000 a cDNA library from a
mouse embryo was created. It was then when Fgf21 was isolated (Nishimura et al.
2000). After five years of determining that Fgf21 was highly expressed in mouse liver, it
was proven that it has an important effect inducing the glucose transporter 1 (Glutl)
thus promoting glucose uptake in adipocytes (murine and human) and an anti-diabetic
role for FGF21 was proposed. It was then when it started to be linked to a possible role
in metabolism and then classified as an endocrine FGF. A confirming fact of this
classification was its description in humans as a circulating protein. (Kharitonenkov et
al., 2005; Potthoff et al.,2012; Chen et al., 2008; Gadlman et al., 2008; Kharitonenkov et
al., 2008)

Regarding the structure of this protein, human FGF21 is a 181 aminoacid-long
polypeptide. Mice’s orthologous has a homology of 81%. As described previously for the
endocrine FGFs, FGF21 nucleus has a forming the B- trefoil which contains 11 folds, this
site comprehends the domains for co-receptor and receptor binding. As a member of

FGF15/19 family it is catalogued as a hormone-like molecule being able to flow freely
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through circulation due to its low affinity for heparan sulfate (Kharitonenkov et al., 2008;

Kharitonenkov and Larsen, 2011).

Although it is a protein that has been under the scope for almost 20 years now,
the truth is that most of the research has been performed in animals (mainly Mus
musculus) and still has to be confirmed in humans. From the available research in mice
we know that it is mainly expressed in liver (Nishimura et al., 2000), pancreatic B-cells,
testis (Wente et al., 2006), brown and white adipose tissues (Muise et al., 2008;
Hondares et al., 2011) and in a less magnitude (but still important for physiological
responses) in muscle (Ribas et al., 2014) and heart (Planavila et al., 2015a; Planavila, et

al., 2015b).

Being a highly bioactive molecule and described to have a half-life of 30 minutes,
the circulating levels of this hormone are very dynamic. The tendency is to have higher
levels of FGF21 at the morning which gradually decrease as the day passes. Also, their
low molecular weight (between 32 to 36 KDa, due to the levels of glycosylation) allows
them to pass through glomerular barriers and to be eliminated by the kidneys.
(Kharitonenkov et al., 2007; Angelin et al., 2012; Galman et al., 2008; Yu et al., 2011; Lee
etal., 2012b).

4.5.2. FGF21 mechanism of action

FGF21 has shown more affinity to FGFR1, FGFR2 and FGFR3, resulting in a difficult
signal trough FGFR4. On this field, the very special FGFRs to be reported are the c-type
(FGFR1c, FGFR2c, FGFR3c) due to the potent interaction observed between the
receptors, B-Klotho and FGF21. (Ogawa et al., 2007; Kurosu et al., 2007; Kharitonenkov
et al., 2008). The complex FGF21-FGFR-B-Klotho must be formed at the target tissues
and is necessary for the factor function (as illustrated in figure 23). So, FGF21 will be
unable to signal on those tissues lacking the adequate expression of the co-receptor B-

Klotho due to Igl inhibiting domain in the structure of the FGFR. Once the complex FGF21
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and klotho are bound, they are able to achieve an interaction with Igll and Igll provoking
the phosphorylation of the tyrosine kinases in the receptors (Ding et al., 2012; Owen et
al., 2015). In fact, the mere decrease in the expression of B-Klotho due to inflammation
or due to a pharmacological intervention will lead to a decreased FGF21 signaling. Some
studies, for example, have proven that in the models of KLB nullification via siRNAs, the
signal of FGF21 is blunted (Diaz-Delfin et al., 2012; Adams et al., 2012; Ding et al., 2012).
In addition to these details, pharmacological approaches increasing the levels of KLB,
such as PPARy agonists’ treatments, are able to reestablish FGF21 effects under
inflammatory profiles (Diaz-Delfin et al., 2012). Once activated, the kinase residues are
phosphorylated and a signal transduction through ERK1/2, Akt or p38 MAPK can be
observed (Potthoff et al., 2012).
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Figure 23. FGF21 model of activation (image obtained and modified from

Kharitonenkov and Larsen, 2011; and Minard et al., 2016).

4.5.3. FGF21 regulation

The roles of this factor as a hepatokine, adipokine and myokine and their

importance to metabolism can be explained by its transcriptional regulation. Conditions
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such as fasting, ketogenic or high-carbohydrate diets and FFAs are some of the main
transcriptional inducers of FGF21 suggesting its crucial role in the regulation in fuel
utilization (Giralt et al., 2015; Degirolamo et al., 2016). Therefore, each tissue may
present differential regulation in the expression of the protein and also a great variety

of effects and signal transduction pathways.

4.5.3.1. Liver

Rodents have been the animal species more frequently used for metabolism
studies regarding FGF21 signaling during fasting. An important difference between mice
and humans induction of FGF21 is the timing. While mice fasting causes an induction of
FGF21 after only 12 h, it takes 7 days to cause the same level of induction in humans
(Fazeli et al., 2015). Although the difference in the induction of upon fasting in mice and
humans has not been cleared yet, it has been well established that FGF21 regulates the
fasting response. This trigger on FGF21 expression is mainly present in liver, in this
dietary condition, and is mainly mediated by PPARa FA receptor. As a consequence of
fasting, the levels of FFAs increase in circulation, when these FFAs reach the liver they
interact with the FA receptor PPARa. Upon binding of the FFA and PPARa, they are
translocated to the nucleus where they are to interact with the RXR forming the PPARa-
FFA-RXR complex able to bind the PPRE (PPARs response element) and thus activating
FGF21 transcription. (Badman et al., 2007; Inagaki et al., 2007; Lundasen et al., 2007). In
situations of prolonged fasting, FGF21 controls gluconeogenesis mediated by PGC-1a.
Apparently not all the induction of gluconeogenic genes is mediated by PGC-1a since
experiment of loss of function for PGC-1a have also shown to induce the expression of
gluconeogenic marker genes. PPARa role on these effects has been corroborated since
they can be mimicked by the administration of fenofibrates, PPARa synthetic ligands
(Badman et al., 2007; lizuka et al., 2009; Potthoff et al., 2009; Fisher et al., 2011). Besides
this activation pathway, there has been described another signaling pathway mediated

by glucagon and the activation of PKA (lizuka et al., 2009).
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In relation to the control by the circulating levels of certain metabolic substrates
metabolic substrates, there have been reports on carbohydrates, FFA and even
aminoacids. The opposing dietary circumstance described above, meaning an
overfeeding, has also proven to induce the expression of FGF21. This induction is
mediated by another response element but this time for another dietary substrate,
carbohydrates. Increased circulating levels of glucose targeting liver cause their binding
to ChREBP (Carbohydrate-responsive element-binding protein) and consequently
moving to the nucleus where it will act through the Carbohydrates Response Element
(ChRE) in order to induce FGF21 expression (lizuka et al., 2009). Also, an increase in
fatty acids either by ingestion or injection in experimental conditions causes an increase
in the circulating levels of FGF21 (Mai et al., 2009). Post-prandial decreases in the
circulating levels of FGF21 have been related to fat load which may result opposing to
the effect observed to the circulating FFA in a fasting situation. Both observations and
effects over the circulating levels of the hormone are to be regulated by PPARa.
(Uebanso et al., 2011). In relation to the fasting situation, another circumstance that
increases the circulating levels of FGF21 is the aminoacid depravation. Situations where
diets show deficiencies of certain aminoacids showed an increase in ATF4, (Activating
transcription factor 4). The increase in ATF4 would eventually cause an induction in the
expression of FGF21 in liver and release to the blood stream. This role in metabolic
adaptation is critical for a decrease in body weight, the amelioration of metabolic
disturbances and the expression of lipogenic genes in adipocytes (thus increasing the

lipolytic ones in BAT and WAT) (De Sousa-Coelho et al., 2013).

In experimental situations where obese rodents (either ob/ob or diet induced)
are chronically administered FGF21, it has been observed that there is a tendency to
decrease the circulating levels of glucose. This effect is due to an improvement on
glucose uptake by the liver and thus improving insulin sensitivity. Besides this, there
seems to be an inhibition of SREBP-1 (Sterol regulatory element binding protein-1), key
factor on lipogenesis. The inhibition of this factor leads to an improvement in fatty liver

condition linked to obesity. Also, FGF21 causes an induction in FA oxidation genes and
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ketogenesis, while decreasing glucose secretion and gluconeogenesis happening in the

liver (Xu et al., 2009; Sarruf et al., 2010).

On the other hand, the effects of FGF21 over carbohydrate and lipid metabolism
require PPARa in liver and PPARY in adipocytes. Obese mice treated with FGF21 induce
hepatic FA oxidation reducing circulating TG levels and inhibiting AT lipolysis. Systemic
and hepatic insulin resistance is also improved by FGF21 (Woo et al., 2013). Thus, FGF21

effects over adipose tissue will also contribute to an adequate control of metabolism.

4.5.3.2. Adipose tissues

FGF21 has been described as an important factor in the control of metabolism
and function of AT. BAT and WAT are some of the main targets of FGF21. While the
tissue mainly attributed for the maintenance of FGF21 circulating levels remains to be
the liver, ATs have also proven to be able to produce and secrete the factor. This
observations have been mainly performed in rodent in vivo models and corroborated by
human in vitro assays. Human AT production remains to be unclear due to the fact that
an almost null expression has been detected in human biopsies. In both tissues, BAT and
WAT, as briefly described above, FGF21 expression is stimulated by the PPARy receptor
and its agonists (natural, like FA; or synthetic, like rosiglitazone) nevertheless the effects
over both types may differ in some situations. In general, FGF21 produced by WAT, and

possibly also by BAT, has mostly autocrine effects (as described below).

White Adipose tissue

The main effect of FGF21 action over AT is glucose uptake stimulation, actually it
was the first effect described in 3T3 L1 adipocytes. Upon an insulin stimulation, a
translocation of Glut4-containing vesicles to the membrane is observed. This
translocation will allow the entrance of glucose. As on the first observations made for
this molecule effects, FGF21 causes and induction in the expression of Glutl. Binding of

FGF21 to B-klotho and FGFR1c receptor provokes the phosphorylation of ERK1/2.
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ERK1/2 phosphorylation triggers phosphorylation of SRF (serum response transcription
factor) and Ets-like protein-1 (Elk-1). Both proteins bind the serum response element
and E-26 motifs at the promoter region of Glutl thus inducing its expression (Ge et al.,
2011). Glutl is another member of the glucose transporters family which is able to
translocate to the membrane independently of insulin action. Nevertheless, and
promising for the metabolic effects of this molecule, the induction in glucose uptake
under FGF21 stimulus didn’t just affect Glutl but also Glut4 insulin-dependent glucose
uptake (Kharitonenkov et al., 2005). Therefore, these effects over both glucose
transporters suggest it as a promising molecule for the treatment of T2DM. Nonetheless,
under obese conditions the FGF21 effect over ERK1/2 and SRF/Elk1 activity is impaired
in AT, this has been related to a FGF21 resistance in obesity. (He et al., 2004; Zhang et
al., 2008; Fisher et al., 2010; Ge et al., 2011).

In relation to other substrate’ metabolism, FGF21 was initially described to elicit
lipolysis in the AT (Inagaki et al., 2007) and subsequently proven an inhibition on human
adipocytes (Arner et al., 2008) This contradictory observations make it unclear to
conclude whether FGF21 induces or inhibits lipolysis in AT. In other studies combining
recombinant FGF21 and rosiglitazone it can be observed that PPARy transcriptional
activity is increased causing a parallel induction in the expression of B-klotho
contributing to a TG breakdown. However, upon feeding PPARy induces FGF21
expression in adipocytes (while not in hepatocytes) that will act in an autocrine manner
to favor the synthesis of TG without any extra circulating hormone modifications
(Cuevas-Ramos et al, 2012; Dutchak et al., 2012; Qiang and Accili, 2012). In assays of
loss-of-function, the absence of FGF21 resulted in a PPARy-deficient signaling. This
impaired signaling has as a consequence an impaired induction of lipolytic enzymes
which contributed to a poor weight loss in this animals. This effect is not related to the
protein itself but to a post-translational modification, sumoylation, which causes an
increase in PPARYy activity, (Dutchak et al., 2012). On the other hand, in vivo or in vitro
administration of FGF21 caused an increase lipolysis (Inagaki et al. 2007; Potthoff et al.,
2012). In summary, FGF21 effects over AT turn out to be more complex than expected

and depend a lot on the physiological context (i.e. dietary and hormonal status). Though,
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it is clear that FGF21 is an AT autocrine factor and has been related to an interaction and
the activity of PPARy (Arner et al., 2008; Potthoff et al., 2012; Woo et al., 2013).
Surprisingly, in vivo (murine and human derived cells) approaches of a chronic
administration of FGF21 attenuated lipolysis upon norepinephrine and forskolin
treatment (Arner et al., 2008). Human data, however, have correlated FFA
concentrations in circulation with FGF21 protein levels. These results were obtained on
a 24h tracing in which it was observed that there exists a positive association between
the peak concentrations of circulating FFAs and FGF21 during day and nighttime. FFA
circulating peak was showed to precede that of FGF21 by approximately 3—4h probably
linked to a circadian rhythm (Yu et al., 2011).

Regarding its role as a metabolic signal, FGF21 will help the nutritional status
information to achieve adipocytes. When it reaches these cells, it will help secrete the
pertinent adipokines to trigger an adequate response. Some studies have linked FGF21
activity to the status and release of factors such as leptin and adiponenctin, decreasing
and increasing them respectively. Recombinant FGF21 administration has shown to
induce the expression and secretion of adiponectin and this may contribute to its
beneficial metabolic effects. Besides this, several therapeutic effects upon FGF21
injection to obese mice (i.e. lowering the glucose levels, increase insulin sensitivity and
decreasing the fat content in the liver) are lost in the absence of adiponectin (AdipoQ -
/-) (Lin et al., 2013). Antidiabetic therapies (PPARy-targeted) seem to be mediated by
FGF21 and a regulation of AT adipokines (Kubota et al., 2006; Nawrocki et al., 2006)
(regarding the effects not related to an improvement in glucose homeostasis). For
example, FGF21 increases leptin receptors expression in peripheral tissues (i.e. liver)
contributing to a decrease in total body weight (Veniant et al., 2012; Holland et al.,
2013), while adiponectin levels are increased helping in the insulin and glucose

sensitivity (Holland et al., 2013; Lin et al., 2013).

111



Glucose

(Overfeeding)

Free Fatty Acids .
Starvation

Cold
Noradrenergic stimulation

®
/’
1 |->T FGF21

ST NN/ N N/ NN

Figure 24. Examples of FGF21 transcriptional regulation (Image obtained and modified

from Degiloramo et al., 2016 and Uebanso et al., 2011).

Brown adipose tissue, thermogenesis and WAT browning

Those effects described for glucose and lipid metabolism in WAT are also
observed in BAT (i.e. induction of glucose uptake and increase in lipolysis). Several other
effects over this tissue and its main function will be observed. As mentioned earlier, BAT
is able to produce and secrete this FGF. FGF21 has been described as an important
batokine in this tissue, due to its autocrine role involved in the activation of
thermogenesis (Cereijo et al., 2015). In vivo and in vitro models for the study of
thermogenesis activation have proven to induce the expression and release of FGF21 in
brown adipocytes and BAT. Described in the first section, noradrenergic stimuli activates
a signaling pathway mediated by cAMP. This increase in the intracellular concentrations
of CAMP leads to a regulation of FGF21 gene expression in two ways. The first one is due
to the binding of CREB to the CRE on the FGF21 promoter region. The second is a cAMP-
dependent phosphorylation of PKA and p38 MAPK leading to an interaction with an
ATF2 binding site in the proximal region of the FGF21 gene promoter. (Chartoumpekis
et al., 2011; Hondares et al., 2011). FGF21 induction in this type of cells upon NE stimuli
has a role in thermogenesis activation and the browning of AT (Fisher et al., 2012),

doubts on whether this effect is performed in an autocrine manner or via CNS are still
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not clarified. This is due to knowledge regarding sympathetic control over the induction
of the thermogenic machinery and, as described before, the CNS is also a target of

FGF21. (Owen et al., 2014).

It was explained previously that upon certain conditions WAT is able to recruit
cells with an intermediate phenotype between brown and white, beige adipocytes. This
browning is characterized by an induction in the expression of thermogenesis related
genes in WAT (i.e. UCP1 and PGC-1a) upon a chronic exposition to cold. FGF21 seems to
have a critical role in the recruitment of these cells to WAT (Fisher et al., 2012). A better
explanation of a possible autocrine role or a possible mediation by the CNS is still needed
to account all these effects on FGF21 local actions. Regarding this doubt, a cumulus of
results in this dissertation describe a possible autocrine role of FGF21 in the acquisition
of a brown-like phenotype in adipose cells in the absence of noradrenergic stimuli, and

in a cell-autonomous manner in the brown adipocyte.

It was previously mentioned that a physiological condition where the induction
of thermogenesis is critical for the maintenance of life is birth. Upon birth, animals pass
from a controlled environment where temperature never drops from 37°C to a
challenging environment barely reaching 22°C. FGF21 has been described as a key player
in cold adaptation at this age. Also, upon breast-feeding an increase in the circulating
levels of FFA contribute to an increase in hepatic PPARa expression in liver. This
induction in PPARa will cause an induction in FGF21 expression in liver and an increase
in the circulating levels. This effect may contribute to a hepatic-based regulation of BAT

thermogenic program in rodents upon feeding (Hondares et al., 2010).

Another example of FGF21 regulation in BAT is the stimulation of corticotrophin-
releasing factor (CRF) in obese rodents. This factor showed to stimulate FGF21 secretion
triggering lipolysis and glucose uptake in BAT. Also, FGF21 effects on glucose uptake in
BAT have been attributed to FGFR1c since obese mice lacking this receptor showed a

loss in the effects of expenditure-promotion (Adams et al., 2012b).
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4.5.3.3. FGF21 in other tissues

Skeletal muscle

Regarding skeletal muscle metabolism regulation via FGF21, it is known that
FGF21 expression is induced with myogenic differentiation and that its expression in
myogenic cells is controlled by MyoD (Ribas et al., 2014). Even though B-klotho
expression in this tissue is really low, FGF21 has been described to have important
effects in this tissue. The main roles known are related to glucose metabolism. This
factor has been described to decrease the endogenous production of glucose mediated
by insulin and insulin-dependent glucose uptake in diet-induced obese mice (Xu et al.,
2009). Insulin shows a role in FGF21 expression in this tissue since it triggers FGF21
release from skeletal muscle through PI3K/Akt1 signaling pathway. This induction has
also been observed upon physical training suggesting FGF21 as a factor contributing to
an amelioration of metabolic parameters in obese patients (lzumiya et al., 2008).
Opposing to what is deduced from liver and AT, muscle expression of FGF21 is not an
indicator of the energetic status but of a mitochondrial dysfunction (Tyynismaa et al.,
2010). A phenomenon also observed in studies from HIV (Human immunodeficiency
virus) patients with antiretroviral treatments which cause mitochondrial dysfunction
(Gallego-Escuredo et al.,, 2017). The relationship between FGF21 levels and
mitochondrial stress are also observed upon HFD feeding to mice or in insulin resistant
obese patients (Hojman et al.,, 2009; Vienberg et al., 2012). This mitochondrial
dysfunction induction of FGF21 has shown to be mediated by ROS production and the
activation of p38 MAPK. p38 MAPK phosphorylation provokes the activation of ATF2 at
the promoter regulatory region of FGF21 gene (Ribas et al., 2014). Other studies have
proposed a mechanism where the inhibition of autophagy, under mitochondrial stress
conditions, triggers an ER stress response which would result in the binding of ATF4 to
the FGF21 promoter region. This ATF4 binding would induce FGF21 transcription. (Kim
et al., 2013). Besides these proposed pathways, a recent report suggested an autocrine
effect of muscle-produced lactate in the induction of FGF21. Pathological situations
(mitochondrial dysfunction) that would lead to an increased glycolytic flux result in
increased lactate production. Lactate would induce FGF21 expression through p38

MAPK in muscle cells as it occurs with ROS (Villarroya et al., 2018). Regarding muscle
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contribution to systemic levels, there have been reported increased levels of FGF21 in
plasma from patients with mitochondrial diseases (particularly neuromuscular diseases
caused by primary mitochondrial DNA mutations). These behavior has suggested FGF21
as a biomarker of such diseases and could be responsible for some of the systemic
metabolic alterations in these patients. However, muscle is not considered a substantial
source of FGF21 in physiological conditions and the relative contribution of muscle-
derived FGF21 to systemic levels still needs to be established (Villarroya et al., 2018).
The importance of FGF21 in muscle is more related to local metabolism of substrates
and to respond to signals targeted to muscle coming from other tissues (Lindegaard et

al., 2013).

Heart

Several studies have shown that, besides skeletal muscle, heart is also an
important target and producer of FGF21 (Planavila et al., 2013). Both roles have also
been the focus of attention due to approaches attempting to prove FGF21 as a
cardioprotective hormone (Liu et al., 2011; Planavila et al., 2015b). Results from our
laboratory and some other study groups have found that in conditions of cardiac
hypertrophy there is an induction of FGF21. Also, models of loss-of-function for FGF21
show cardiac abnormalities (such as hypertrophy and cardiac dysfunction) and
decreased expression of antioxidant genes (Planavila et al., 2013). It is believed that,
like occurring with other molecules, FGF21 is released upon a stress situation in heart
(i.e. ischemia) in order to assist the early local damage in this tissue and probably
assisted by other tissues, like liver. Besides this role, FGF21 has also been proposed to
act in an autocrine way to try to achieve an endogenous feedback mechanism. This
feedback would work as a compensatory mechanism to mitigate the initial damage (Liu
et al., 2011; Planavila et al., 2015b). To further complete the panorama of FGF21 as a
cardioprotective hormone, either an injection or the overexpression of this factor were
able to attenuate the extension of an infarction and showed to improve the cardiac
activity. Also, recent studies prove an autocrine regulation of antioxidant genes

mediated by FGF21 in heart. This regulation modulates ROS production under
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inflammatory or hypertrophic conditions thus preventing pro-oxidative responses in the

cardiac tissue. (Liu et al., 2013; Planavila et al., 2015b).

Pancreas

Regarding pancreas, it is known to express the protein and its receptor
suggesting it as a producer and also as a target (Nishimura et al., 2000). Isolated islets
from rodent showed that FGF21 induced a phosphorylation ERK1/2 and Akt in these
cells. This kinases’ phosphorylation caused an inhibition of glucagon secretion and an
increase in insulin production. The administration of glucose in the presence of FGF21
also provoked an increase in islet number and insulin staining in pancreas from diabetic

mice (Wente et al., 2006)

Brain (CNS)

FGF21 is able to cross the blood brain barrier by simple diffusion. FGF21 has been
detected in human and rodent cerebrospinal fluid (Hsuchou et al. 2007; Tan et al. 2011).
In this tissue, the expression of B-klotho and FGFR1c are detected in areas of the brain
involved in the hypothalamic-pituitary-adrenal axis and the hypothalamic pituitary-
gonadal axis (Bookout et al. 2013; Fon Tacer et al. 2010; Liang et al. 2014). FGF21
increased levels in brain activate the receptor at the hypothalamus, leading to the
phosphorylation of ERK1/2. ERK1/2 phosphorylation will unleash the secretion of
several other hormones (i.e. corticotrophin releasing hormone (CRH)) (Liang et al. 2014).
The release of hormones from the hypothalamus will cause subsequent releases of
other hormones and factors at other brain localizations (i.e. Adrenocorticotrophic
hormone (ACTH) by the pituitary gland). These ‘second hormones’ will target peripheral
tissues to trigger physiological responses (i.e. a production and secretion of
corticosterone from the adrenal cortex). A great variety of roles are very well-known to
be controlled by the hypothalamus, this tissue is not to the subject of study of the
present dissertation. However, it is important to mention that it has been found that
FGF21 is able to act in the brain stimulating sympathetic activity thus increasing
thermogenesis and metabolic rate (effects also proposed to be present after prolonged

periods of cold exposure) (Coskun et al., 2008; Sarruf et al. 2010; Tan et al., 2011; Sa-
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nguanmoo et al., 2016). Figure 25 illustrates the previously described metabolic
regulation mediated by FGF21 in several tissues and the possible cross-talk between

them.
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Figure 25. FGF21 actions. FGF21 is an endocrine factor able to act centrally and
peripherally. This diagram shows and overview of the interactions between tissues and

how FGF21 is able to mediate them (Image obtained from Degirolamo et al., 2016).
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4.5.3.4. Other functions

FGF21 circulates freely around the organism. Although research has focused on
metabolism and its effects on those tissues principally affecting circulating metabolites,
other important processes are to be influenced by this hormonal factor. Table 12

describes some of them.

Table 12. Other physiological processes influenced by FGF21

It is known that under fasting conditions, the effects of FGF21 induction cause
an estate of growth hormone resistance. This resistance is achieved by
reducing the expression of STATS5 (Signal transducer and activator of
transcription 5), key for GH metabolism. This decreased expression will cause
a fall in the induction of those genes target of this signaling cascade (i.e. Igf-1).
Also, FGF21 caused an increase in proteins able to de-phosphorylate STAT5
(i.e. SOCS2 (Suppressor of cytokine signaling 2)). This effects are consistent
with the fact that FGF21-/- mice show smaller body size in some experimental
settings. (Potthoff et al., 2012).

FGF21 has been linked to an increase in lifespan. This increase is similar to what
has been observed in situations of calorie restriction prolonging life 30-40%
with no differences in diet ingestion or differences in FGF21 circulatory levels.
What has been proposed is that this increase is also associated to the
STAT5/1gf-1 signaling pathway (Zhang et al., 2012; Turturro et al., 1999).
Some reports have suggested that the increase in FGF21 circulating levels after
a long period of calorie restriction mark importantly the performance of
reproduction in female mice. Mice over expression of FGF21 show a delayed
onset of puberty and remain infertile through adulthood. This effect has been
linked to the effects of FGF21 on CNS where it suppresses vasopressin (AVP)
production provoking a reduction of kisspeptin-1 (Kiss-1), an important
regulator of fertility (Owen et al., 2013).

In vitro approaches employing BMMSCs (Bone marrow mesenchymal stem
cells) have shown an inhibition of osteoblastogenesis by FGF21. This inhibition
causes, on the other side, adipogenesis in this precursor cells by activation
PPARy. As described previously, the induction of PPARy by FGF21 will cause a
loop in the induction of FGF21 itself and B-klotho contributing to the
maintenance of adipogenesis process (Galman et al., 2008; Christodoulides et
al., 2009; Dushay et al., 2010; Schoenberg et al., 2011). A confirmatory detail
of this finding it the fact that FGF21-/- mice show increased bone mass. This is
a clinical concern in developing therapies involving FGF21 since a
compromised differentiation of BMMSCs in to bone could be observed.
Human studies have shown that increased levels of FGF21 does not correlate
with bone loss or they do depending on the cohort of human patients and the
type of metabolic alterations (Wei et al. 2012; Lee et al., 2013; Gallego-
Escuredo et al., 2017). Further analysis of this observations should be done.

Growth

Aging

Reproduction

Bone metabolism

118



4.5.4.5. FGF21 in Humans and its potential role as a therapeutic target
for metabolic abnormalities

Since the very early research reports, several differences between human and
rodent data regarding FGF21 regulation have been found. In humans, for example, there
are required around 7 days of fasting in order to achieve an increase in FGF21 circulating
levels (mice require only 12h of fasting). Other examples of dietary conditions increasing
FGF21 circulating levels in humans are lactation, ketogenic diets and HFD (Galman et al.,
2008; Christodoulides et al., 2009; Dushay et al., 2010; Schoenberg et al., 2011). In
relation to the metabolic conditions modifying circulatory levels of the hormone, it is
known that FGF21 levels correlate positively with an increased body weight and the
presence of metabolic syndrome, glucose intolerance, T2DM, NAFLD and cardiovascular
events (Zhang et al., 2008; Chavez et al., 2009; Chen et al., 2008; Cuevas-Ramos et al.,
2010; Dushay et al., 2010; Yang et al., 2011; An et al., 2012). Some reports show
correlations between FGF21 and MS in adult humans, not been observed in infants. Still,
FGF21 levels seem to correlate with adiposity and FFA in plasma (Zhang et al., 2008; Mai
et al., 2009; Gallego-Escuredo et al., 2012; Reinehr et al., 2012) while inversely correlate
with HDL-cholesterol. On the other hand physical activity in subjects with metabolic
disturbances seems to correlate with an increase in FGF21 levels (Cuevas-Ramos et al.,
2010). The systemic roles seem to be complex to clarify and depend in a great measure
to the physiological or pathological context. An explanation to an increase in FGF21
under metabolic conditions is still required. While some study groups report that obesity
and insulin resistance contribute to its up-regulation depending on circadian rhythms
(due to increased levels observed during the night) (Yu et al., 2011; Reinehr et al., 2012)
others consider this up-regulation as a compensatory effect (Fisher et al., 2010; Hale et
al., 2012). Whether it is one or the other it seems like FGF21 could mediate an increase
in FA oxidation and glucose utilization in order to battle lipotoxicity and glucotoxicity

(Cuevas-Ramos et al., 2012).

Further research on human responses and effects of FGF21 are needed,

especially due to the fact that there are few studies regarding receptors and co-
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receptors. One disadvantage, and setback, in these studies is the fact that human
adipocytes and adipose tissue show little or no expression of FGF21 (Dushay et al., 2010;
Gallego-Escuredo et al., 2012) Few studies have been conducted in the understanding
of their modulation in pathological conditions (receptors and coreceptors).
Nevertheless, data from our laboratory suggests that obesity triggers a proinflammatory
status in the individual (also in HIV patients with lipodystrophy). This proinflammatory
profile leads to a reduction in expression B-Klotho-mediated by TNFa. TNFa will activate
JNK1 (c-Jun N-terminal kinase 1) signaling pathway and will cause a reduction to FGF21
response in adipocytes (Diaz-Delfin et al., 2012; Gallego-Escuredo et al., 2012). This
reduction in the response to FGF21 observed with obesity and metabolic conditions is
now well defined as a resistance condition which could be similar to what is observed
with other circulating hormones (i.e. insulin). After no response to the hormone,
secretory tissues will continue to produce and secrete it not triggering any response due
to a poor signal (or none) at the target cells (Fisher et al.,, 2010). Interestingly, a
pharmacological treatment with FGF21 or synthetic analogs in obese humans (and
rodents) has beneficial effects (i.e. improved glucose uptake) which will not be
compatible to a full resistance to FGF21 (Hale et al., 2012; Reinehr et al., 2012; Gaich et
al., 2013).

Due to this last detail, and the fact that it has been suggested that FGF21 could
play a role in improving the metabolic abnormalities while promoting thermogenic
activation, efforts have been directed to employ FGF21 as a therapeutic molecule.
Several in vivo studies have proven that the administration of recombinant or analogs
of FGF21 can decrease circulating levels of glucose, improve insulin sensitivity, reverse
NAFLD, improve T2DM condition, improve in pancreatic B-cells functions; suppression
of glucagon secretion, and probably mediate a decrease in total body weight due to an
induction in thermogenesis (Kharitonenkov et al., 2005; Kharitonenkov et al., 2007;
Coskun et al., 2008; Berglund et al., 2009 Fisher et al., 2012). However, studies targeting
any part of FGF21 signaling should be further explored due to the great variety of

processes mediated by this hormone (i.e. osteogenesis, fertility and food intake).
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So far, we know that the observed effects will totally depend on the background
of the individual. This background will be affected not just by the genetic context but
also by the diet by which the metabolic conditions were developed. One of the problems
regarding FGF21 as a treating molecule is its short half-life in circulation, physiologically
synthesized or pharmacologically administered. In this context, the seek for other
molecules or signaling pathways maintaining an increased circulation —or a local
concentration, depending on the tissue- in order to achieve a metabolic effect would be
necessary. The assays developed in this project helped elucidate a pathway mediated
by a FFAR in the activation of FGF21 and its effects over AT, and adipocytes, performance
regarding thermogenesis and substrate utilization. Figure 26 summarizes the effects of

FGF21 administration to obese mice and humans observed data.
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Figure 26. FGF21 pharmacological actions. FGF21 supplementation metabolic effects in
mice and humans are highlighted. (Image obtained from Kharitonenkov and DiMarchi,

2015).
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Objectives

Efforts have been oriented to develop new treatments for obesity and related metabolic
diseases. In this context, FGF21 is an endocrine factor proven to mediate thermogenic
activation and ameliorate metabolic abnormalities. Likewise, the consumption of n-3
PUFAs has been related to a healthy metabolic profile. GPR120 is a membrane receptor
sensible to PUFAs which activation has also proven to have beneficial effects on
pathological conditions and is induced upon cold exposure in adipose tissues. With this
background, the main objective of this project was to determine the effects of GPR120
activation on BAT and WAT and in FGF21 regulation in these tissues.

Therefore, the following objectives were established in order to:

1. Characterize GPR120 expression in adipose tissues and adipocytes.

2. Determine the effects of GPR120 activation in rodent adipose tissues.

3. Evaluate cell-autonomous responses upon the activation of GPR120 in
adipocytes.

4. Determine the implication of the hormonal factor FGF21 on GPR120

activation-mediated effects.

5. Characterize the role of GPR120 in neonatal brown adipose tissue.
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The lipid sensor GPR120 promotes brown fat activation and
FGF21 release from adipocytes

Journal: Nature Communications 2016 Nov 17; 7: 13479.

IF: 12.124 MULTIDISCIPLINARY SCIENCES 3 de 64 (1% Decile)

Abstract:

The thermogenic activity of brown adipose tissue (BAT) and browning of white adipose
tissue are important components of energy expenditure. Here we show that GPR120, a
receptor for polyunsaturated fatty acids, promotes brown fat activation. Using RNA-seq
to analyse mouse BAT transcriptome, we find that the gene encoding GPR120 is induced
by thermogenic activation. We further show that GPR120 activation induces BAT activity
and promotes the browning of white fat in mice, whereas GRP120-null mice show
impaired cold-induced browning. Omega-3 polyunsaturated fatty acids induce brown
and beige adipocyte differentiation and thermogenic activation, and these effects
require GPR120. GPR120 activation induces the release of fibroblast growth factor-21
(FGF21) by brown and beige adipocytes, and increases blood FGF21 levels. The effects
of GPR120 activation on BAT activation and browning are impaired in FGF21-null mice
and cells. Thus, the lipid sensor GPR120 activates brown fat via a mechanism that
involves induction of FGF21.
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The lipid sensor GPR120 promotes brown fat
activation and FGF21 release from adipocytes
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The thermogenic activity of brown adipose tissue (BAT) and browning of white adipose tissue
are important components of energy expenditure. Here we show that GPR120, a receptor for
polyunsaturated fatty acids, promotes brown fat activation. Using RNA-seq to analyse mouse
BAT transcriptome, we find that the gene encoding GPR120 is induced by thermogenic
activation. We further show that GPR120 activation induces BAT activity and promotes the
browning of white fat in mice, whereas GRP120-null mice show impaired cold-induced
browning. Omega-3 polyunsaturated fatty acids induce brown and beige adipocyte differ-
entiation and thermogenic activation, and these effects require GPR120. GPR120 activation
induces the release of fibroblast growth factor-21 (FGF21) by brown and beige adipocytes,
and increases blood FGF21 levels. The effects of GPR120 activation on BAT activation and
browning are impaired in FGF21-null mice and cells. Thus, the lipid sensor GPR120 activates
brown fat via a mechanism that involves induction of FGF21.
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rown adipose tissue (BAT) is the main site of non-shivering

thermogenesis in mammals. It confers a unique mechanism

for energy expenditure and heat production in response to
cold and provides a protective mechanism against excessive body
weight accumulation in response to overfeeding!2. The interest in
brown fat activity as a mechanism of protection against the
obesity and metabolic diseases has been renewed by the recent
recognition that adult humans possess active BAT, and its activity
is negatively associated with obesity and type II diabetes®. Many
aspects of the molecular mechanisms underlying the function of
BAT are known, but we do not comprehensively understand how
BAT activity is controlled and integrated with whole organism
metabolism to ensure that metabolic substrates are burned
and heat is provided. Recent studies unravelled an additional
BAT-related means to control energy expenditure, wherein white
adipose tissue (WAT) has the capacity to acquire BAT-like
properties via the so-called ‘browning’ process. During this
process, sustained thermogenic activation leads to the appearance
of the so-called beige or brite adipocytes in WAT depots,
which, like classical brown adipocytes, express uncoupling
protein-1 (UCP1) and perform uncoupled mitochondrial
respiration®. Several lines of evidence suggest that the
browning process is especially relevant in controlling whole-
body energy balance?. This may reflect its high inducibility
in response to environmental factors and the ability of beige
cells to use additional, non-UCP1-mediated energy expending
mechanisms®.

Studies aimed at assessing how BAT responds to cold can
improve our understanding of the processes that mediate BAT
activation. Transcriptomic profiling of BAT from cold-exposed
mice can provide a snapshot of how BAT responds to the
thermogenic activation and may offer an unbiased look at
novel BAT activity-related actors. Recently, RNA sequencing
(RNA-seq) has emerged as the best tool for transcriptomic
studies, as it does not require a priori knowledge of targets, and
shows both high reproducibility and a low frequency of false
positives’~?. Moreover, RNA-seq can identify 25-75% more genes
than complementary DNA (cDNA) microarrays, and it allows
assessment of both whole genes and splice variants'®!!,

Here we used RNA-seq to analyse the responsiveness of BAT
to the cold-induced thermogenic activation. Departing from these
data set, we identified a novel pathway through which thermo-
genic activation of BAT and the browning of WAT occur via the
activation of GPR120 (FFAR4). GPR120 is a G-protein-coupled
receptor that binds unsaturated long-chain fatty acids and their
derivatives'2. GPR120 is known to contribute to mediating the
anti-inflammatory actions of polyunsaturated fatty acids (PUFAs)
and in protecting against obesity and type II diabetes!>!4. Here
we identify a novel pathway of thermogenic regulation through
that PUFA-mediated GPR120 activation induces BAT activity
and WAT browning via the hormonal factor fibroblast growth
factor-21 (FGF21).

Results

Effect of cold exposure on BAT transcriptome. RNA-seq data
were obtained from BAT samples obtained from mice housed
under thermoneutral conditions or following a 24-h exposure to
4°C. Among the 21,391 genes detected by the RNA-seq as being
‘expressed” (RPKM > 0) a total of 3,470 (16.2%) were significantly
modified under the cold condition: 2,498 and 972 were
upregulated and downregulated, respectively. To validate our
analysis and identify novel candidate genes related to the
thermogenic activation in BAT, the top 10% most cold-induced
genes were arbitrarily selected for manually curated analysis.
Most were already known to be upregulated by cold; these

2

included key components of mitochondrial uncoupling (UCPI,
4.5-fold induction), lipid metabolism (Elovi3, 9.9-fold induction;
and glycerokinase, 5.4-fold induction), intracellular regulation
(Dio2, 4.8-fold induction; and PGC-Ia, 3.3-fold induction)
and extracellular regulation (Bmp8b and FGF21,>10-fold induc-
tions). Among the top-induced genes that had not been previously
studied, we focused on FFAR4 (GPR120). This G-protein-coupled
receptor binds unsaturated long-chain fatty acids and their
derivatives, and has been proposed to mediate multiple metabolic
effects, including anti-inflammation and amelioration of insulin
resistance! 213, Allelic variants causing loss-of-function put human
individuals at risk to develop obesity'%. A com?arison of our
RNA-seq data with two microarray-based data sets”® and a digital
gene expression profiling!® revealed that GPR120 was consistently
and strongly upregulated in BAT following cold exposure. Here we
set out to assess the regulation and function of GPR120 in relation
to BAT activation.

Thermogenic activation upregulates GPR120 in fat depots. The
expression of GPRI20 transcript was determined in adipose
depots from mice reared at 21°C in comparison with small
intestine and colon that express functional levels of GPRI20
(refs 16,17). The highest expression was found in interscapular
BAT (iBAT), while specific WAT depots (inguinal, iWAT;
epididymal, eWAT; and mesenteric WAT) showed lower but
still relevant expression (Fig. la; Supplementary Fig. 1). The
expression of GPRI20 messenger RNA (mRNA) was strongly
induced in BAT of mice subjected to either short- or long-term
cold exposure (Fig. 1b). Cold also induced GPRI20 mRNA
expression in iWAT. GPR120 protein levels were increased in
both BAT and iWAT after cold exposure (Fig. 1b).

Similar to markers of brown adipocyte thermogenic activity
(for example, UCPI), GPRI20 was preferentially expressed in
mature, differentiated, brown adipocytes rather than in the
stromal vascular fraction (Fig. 1c).

In cultured precursor cells from iBAT, GPRI120 expression was
low at the pre-adipocyte stage, increased progressively during
brown adipocyte differentiation and peaked at full differentiation
(day 10, maximal expression of UCPI; (Fig. 1d). Norepinephrine
or cyclic AMP (cAMP), the major mediators of thermogenic
induction, significantly upregulated GPR120 transcript (Fig. le)
and protein levels (Fig. 1f) in brown adipocytes. The effects of
norepinephrine (NE) and cAMP were blunted by the p38 MAPK
inhibitor SB202190, but not by the protein kinase-A (PKA)
inhibitor H89 (Fig. 1g). This contrasts with UCPI mRNA whose
induction by NE and cAMP was partially blunted both by
SB202190 and H89, in accordance with the dual involvement of
p38 MAPK and PKA in the control of UCPI gene expression'®
(Supplementary Fig. 1). GW7647, a peroxisome proliferator-
activated receptor alpha (PPARa) activator, did not significantly
alter GPRI20 expression (Fig. 1g).

In summary, we herein identified GPR120 as a novel
component of the acquisition of the differentiated phenotype of
brown adipocytes and showed that it is induced in vivo and
in vitro in BAT by noradrenergic regulators of thermogenic
activation.

GW9508 increases the thermogenic activity of BAT and WAT.
Mice were treated with GW9508, an activator of GPR120, via
their food during 7 days. This treatment did not significantly
modify body weight or food intake. Metabolic profiling revealed
unaltered glycaemia and triglyceridemia, but GW9508 induced a
reduction in insulin levels (Supplementary Table 1), which could
reflect improvement in insulin sensitivity. The other tested
hormone levels were unaltered following GW9508 treatment
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Figure 1 | Regulation of GPR120 gene expression in BAT and brown adipocytes. For a, b, tissues from adult mice were analysed. (a) Relative expression
of GPR120 mRNA in liver, BAT, iWAT, e WAT, mWAT, ileum and colon (n=4) was quantified. (b) GPR120 mRNA expression in BAT and iWAT from adult
mice maintained at thermoneutrality (29 °C) or exposed to cold (4 °C) for 24 h, 7 days and 21 days (n=5) in the left, representative immunoblot of three
independent assays of the relative changes of GPR120 protein, in the right. (¢) mRNA levels of GPR120 and UCPT in the stromal vascular fraction (SVF) and
mature adipocytes obtained from iBAT (n=3). For d-g, BAT precursor cells were differentiated. (d) mRNA expression patterns for GPR120 and UCP1 during
brown adipocyte differentiation in primary cultures, as assessed at days O (pre-adipocytes) 4, 8, and 10 (n=3). (e) GPR120 mRNA levels in differentiated
brown adipocytes treated with 0.5 uM norepinephrine (NE) for 6, 12 and 24 h (blue bars) or with TmM dibutyryl-cAMP for 24 h (orange bars; n=4).
(f) Representative immunoblot of three independent assays of the relative changes of GPR120 protein levels in response to the indicated NE and cAMP
treatments. (g) Effects of 10 uM SB202190 (a p38 MAPK inhibitor), or 20 pM H89 (a PKA inhibitor) on the upregulation of GPR120 mRNA in response to
1TmM dibutyryl-cAMP (orange bars), and effects of TuM GW7647 (PPARa agonist, grey bar; n=4). Bars are means +s.e.m. (*P<0.05, **P<0.01 and
***P<0.001 compared with corresponding controls, or ileum; +P<0.05, + +P<0.01, + + + P<0.001 for the effects of SB202190 or H89; for a, b, e
and g analysis of variance with Tukey's post hoc test was used; for ¢ and d two-tailed unpaired Student's t-test was performed).

(Supplementary Table 1) with the exception of FGF21 levels,
which were markedly induced (see below). The 1-week
exposure to GW9508 treatment did not significantly modify the
gross masses of iBAT, iWAT, eWAT or mesenteric WAT
(Supplementary Table 1). Gene expression analysis revealed sig-
nificant upregulations among markers of thermogenic activation
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in BAT, such as UCPI, PGC-1a, CoxIV and Sirt3, as well as Glut1,
but no change in overall adipogenesis. (Fig. 2a). UCP1 protein
levels in the iBAT depot were also significantly increased (Fig. 2a).
Microscopy examination of iBAT did not reveal major changes
(Fig. 2a). In iWAT, we observed strong evidence of GW9508-
induced browning, including upregulation of markers of brown-

3
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Figure 2 | GW9508 upregulates thermogenic genes in iBAT and browning in iWAT while inducing FGF21 expression and release. Adult mice were fed
for 7 days a control diet (white bars) or a diet supplemented with GW9508 (blue bars; n=6). (a) Relative expression levels of thermogenic and adipogenic
genes in iBAT, representative optical microscopy images from H&E-stained iBAT (scale bar, 125 um), relative lipid content, UCP1 protein levels and
representative UCP1 immunoblot. (b) Relative expression levels of thermogenic and adipogenic genes in iWAT, representative optical microscopy from
H&E-stained iWAT (scale bar, 125 um), relative lipid content, percentage of multilocular adipocytes, UCP1 protein levels and representative UCP1
immunoblot. (¢) Circulating levels of FGF21 protein and FGF21 mRNA expression levels in iBAT, iWAT, eWAT, liver, skeletal muscle and pancreas. Bars are
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Figure 3 | GPR120 gene invalidation blunts the effects of GW9508 on adipose tissues and systemic FGF21 levels. Wild-type and GPR120 — / — mice
were fed a control diet (white and grey bars, respectively) or a diet supplemented with GW9508 (blue and black bars, respectively) for 7 days (n=5 per
group). (@) Oxygen consumption in basal conditions and after CL316,243 injection. (b) Representative optical microscopy from H&E-stained iWAT (scale
bar, 200 um), relative lipid content and percentage of multilocular adipocytes. (¢) UCP1 protein levels in iWAT. (d) Relative expression levels of

thermogenic and adipogenic genes in iWAT. (e) Circulating levels of FGF21 protein and FGF2T mRNA expression levels in iBAT, iWAT and liver. Bars are
means + s.e.m. (*P<0.05, **P<0.01 and ***P< 0.001 relative to untreated control mice of each genotype; +P<0.05, + + P<0.01and + + +P<0.001
for the comparisons between genotypes under same GW9508 treatment status; #P<0.05, ###P < 0.001 for the effects of GW9508 treatment; analysis

of variance with Tukey's post hoc test).

related thermogenesis (UCPI, PGC-1a and Sirt3), and the beige
adipogenesis-related gene PRDM1I16 (Fig. 2b). Consistent with
these data, GW9508-treated mice exhibited multiple multilocular
adipocytes in iWAT, which are typically associated with the
browning process (Fig. 2b). UCP1 protein levels in iWAT were
significantly induced by GW9508 (Fig. 2b). Epididymal WAT
showed some signs of browning, such as upregulation of UCPI,
PGC-1o. and Sirt3, but no multilocular beige adipocytes
(Supplementary Fig. 2).

As FGF21 is induced in association with the thermogenic
activation of BAT and browning of WAT!®?, we examined
FGF21 in treated mice. We found that circulating levels of FGF21
were strongly increased in GW9508-treated mice, as were the
FGF21 mRNA expression levels in BAT and iWAT (Fig. 2¢), but
not in other tissues such as liver, skeletal muscle or pancreas. The

lack of effects of GW9508 treatment on hepatic FGF2I gene
expression suggested that the upregulation of circulatory FGF21,
following GW9508 treatment was not due to a hepatic effect. In
addition to activating GPR120, GW9508 can activate another
G-protein-coupled receptor, GPR40, which is expressed in the
intestine?! but absent in adipose tissues and minimally expressed
in hepatic cells!”"?2, Accordingly, GPR40 transcript expression was
undetectable in BAT and most WAT depots (Supplementary
Fig. 3a). Moreover, the intestine does not express FGF21
under basal conditions?® or following GW9508 treatment
(Supplementary Fig. 3b). The glucagon gene (encoding glucagon-
like peptide (GLP)-1), a target of GPR120 in the intestine?!, was
not altered by GW9508 treatment (Supplementary Fig 3b). These
results indicate that GW9508 treatment has only minor intestinal
effects under this experimental setting.
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and 7 of cold exposure. (b) Representative images of H&E-stained iWAT (scale bar, 200 um), the relative lipid droplet content, and the percentage of
multilocular adipocytes. (¢) Relative expression levels of thermogenic and adipogenic genes in iWAT. (d) Circulating levels of FGF21. Bars are
means + s.e.m. (*P<0.05, **P<0.01 and ***P<0.001 relative to wild-type animals exposed to cold; two-tailed unpaired Student's t-test).

Impaired action of GW9508 in GPR120-null mice. To directly
assess the role of GPR120 for the effects of GW9508, we ana-
lysed GPRI120-null mice. Under basal conditions, GPR120-null
mice did not show any significant change in body weight or
in the main metabolic parameters evaluated (for example,
glycaemia or triglyceridemia; Supplementary Table 2). This
agrees with previous reports'>'*. To examine the contribution
of GPR120 to the actions of GW9508, we treated wild-type and
GPR120-null mice with the drug for 7 days. The treatment with
the drug did not alter glycaemia, triglyceridemia and
insulinaemia in GPRI120-null mice (Supplementary Table. 2).
GW9508-treated wild-type mice showed increased oxygen
consumption both under basal conditions and following the
injection with the B3-adrenergic agonist CL316,243 (Fig. 3a),
consistent with the enhanced iWAT browning and signs of
BAT activation shown previously. In contrast, GPRI20-null
mice showed a reduction in basal and CL316,243-triggered
oxygen consumption. GW9508 treatment increased oxygen
consumption in GPRI20-null mice, but the attained levels were
lower in GPRI120-null versus wild-type mice. Moreover, the
capacity of CL316,243 to induce oxygen consumption was
strongly impaired in GW9508-treated GPRI20-null mice
(Fig. 3a). GPR120-null mice treated with GW9508 exhibited
iBAT with larger lipid droplets, which is reminiscent of
decreased thermogenic activity (Supplementary Fig. 4).
Expression levels of thermogenesis-related transcripts was
significantly altered in GPRI20-null mice for PGC-lo and,
especially, for Bmp8b, with decreased GW9508-triggered
upregulations in GPRI20-null versus wild-type mice. Total
levels of UCP1 protein were unaltered in GPRI120-null mice
(Supplementary Fig. 4).

Browning, identified by the presence of numerous multilocular
adipocytes and the induction of several brown-versus-white-
related genes (for example, PGC-lo, UCPI and Sirt3) was

6

enhanced in the iWAT of GW9508-treated wild-type mice, but
this induction was markedly impaired in GPRI20-null mice
(Fig. 3b,d). UCP1 protein levels in iWAT were strongly increased
in wild-type mice in response to GW9508 treatment, whereas
GW9508-treated GPR120-null showed significantly lower levels of
UCP1 protein (Fig. 3c).

GPR120 invalidation had especially marked effects on
circulating FGF21 levels and FGF21 expression in the iBAT and
iWAT of GW9508-treated mice. The increase of plasma FGF21
observed in GW9508-treated wild-type mice was abrogated in
GPRI120-null mice, as was the significant induction of FGF21
transcript levels elicited by GW9508 in BAT and iWAT (Fig. 3e).
There was no alteration of FGF2I gene expression in the liver,
regardless of the treatment or mouse genotype.

These data indicate that GPR120 is largely required for the
effects of GW9508 in BAT and iWAT ‘in vivo’, although the
additional involvement of GPR40 cannot be ruled out in light of
the dual agonist properties of GW9508.

Impaired thermogenesis and browning in GPRI120-null mice.
We next tested the effects of cold exposure on GPR120-null mice.
Most GPRI20-null mice tolerated exposure to cold (4°C), but
~20% developed hypothermia (a 10°C or more drop in body
temperature) within the first 24 h of cold exposure; none of the
wild-type mice developed similar hypothermia. The estimated
core temperature was significantly lower in GPRI120-null mice
than in wild-type mice after 1 day of cold exposure and tended to
remain lower after 7 days of cold exposure (Fig. 4a). The
microscopic morphology of iBAT did not show major alterations
in cold-exposed GPRI20-null mice and thermogenic gene
expression pattern was essentially unaltered in GPR120-null mice
relative to wild-type controls after 7 days of cold (Supplementary
Fig. 5). However, leptin expression was increased in GPR120-null
mice, which is consistent with some extent of ‘whitening’ in
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Figure 5 | GPR120 activation induces brown adipocyte differentiation and increases FGF21 expression and release. For a-e, iBAT precursors were
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FGF21 and Glutl. (¢) FGF21 protein levels in cell culture media (4 day accumulation). (d) Cell culture temperature. (e) Total and uncoupled (oligomycin-
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BAT (Supplementary Fig. 5). iWAT browning was significantly
impaired in cold-exposed GPRI20-null mice. There were far
fewer clusters of multilocular adipocytes in the iWAT of GPR120-
null mice compared with wild-type controls (Fig. 4b), whereas the
relative lipid content was higher. The expression levels of the
thermogenic genes UCPI and Bmp8b were reduced, and FGF21
gene expression tended to be lower (Fig. 4c). Circulating FGF21
levels were significantly reduced in cold-exposed GPRI120-null
mice (Fig. 4d), whereas FGF21 transcript expression in the liver
and skeletal muscle was unaltered (Supplementary Fig. 5).

GPR120 activation induces brown adipocyte thermogenesis.
We next used cell culture systems of brown and beige adipocytes
to assess whether the abilities of GPR120 activation to promote
BAT activation, WAT browning and FGF21 induction were cell
autonomous. GW9508 was used to determine the specific effects
of GPRI20 activation as brown adipocytes (similar to white
adipocytes) lack detectable levels of GPR40 transcript and thus
the actions of GW9508 are only attributable to GPR120
activation!>24,

First, we determined whether GPR120 activation targets brown
adipocyte differentiation. Precursor cells were obtained from

iBAT stromal vascular fractions and cultured as previously
reported?”. On day 4 of culture, regular medium was replaced
to contain 10% delipidated serum, which does not allow differen-
tiation (Fig. 5a)2%. The addition of insulin, triiodothyronine and
ascorbic acid (ITA) to the culture was sufficient to induce
differentiation. Notably, the addition of GW9508 instead of ITA
also yielded a robust differentiation of brown adipocytes (Fig. 5a).
Analysis of brown differentiation marker genes (for example, UCP1,
PGC-10, COXIV and Glutl) indicated that GW9508 triggered a
stronger induction compared with ITA (Fig. 5b). Among the tested
genes, the highest GW9508-induced upregulation was seen for
FGF21 (Fig. 5b). These effects on FGF21 gene expression were
associated with a strong release of FGF21 to the media of GW9508-
treated cultures (Fig. 5c). Highly sensitive thermography?”?®
showed that GW9508 treatment increased the cell cultures
temperature (Fig. 5d). Moreover, oxygen consumption in brown
adipocytes differentiated in the presence of GW9508 was as high
as in ITA-differentiated cells (Fig. 5e). GW9508-induced
differentiation also enhanced the oxygen consumption triggered
by the B3-adrenergic agonist CL316,243 (Fig. 5e).

We next analysed the effects of GPR120 activation on mature,
differentiated, brown adipocytes (day 9 of culture). Treatment
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Figure 6 | GPR120 activation promotes beige adipocyte differentiation and

increases FGF21 expression and release. For a-d, iWAT precursors from

mice were differentiated in the presence of the differentiation media (DM, white bars), supplemented with rosiglitazone to drive beige differentiation
(DM + rosiglitazone, brown bars; n=4) or treated with GW9508 instead of rosiglitazone (DM + GW9508, blue bars; n=5; see the Methods section).
(a) Representative optical microscopy images at the end of differentiation (day 7; scale bar, 200 um). (b) Relative mRNA expression levels of
browning-related and general adipogenic genes. (¢) FGF21 protein levels in the cell culture medium (4 day accumulation). (d) Cell culture temperature.
For e-h, iWAT precursors were differentiated and treated during 24 h with GW9508 (100 puM, blue bars; n=5) or nor treated (n=3). (e) mMRNA
expression levels of UCPT, PGC-Ta, Glut1, COXIV, FGF21, Sirt3 and FABP4. (f) FGF21 protein levels in culture media (24 h accumulation). (g) Glucose oxidation
rate. (h) Cell culture temperature. Bars are means +s.e.m. (*P<0.05, **P<0.01 and ***P<0.001 versus DM (b-d) or versus controls (e-h);

for b-d, analysis of variance with Tukey's post hoc test was performed; for e-h, two-tailed unpaired Student's t-test).

with GW9508 for 24h led to a marked induction of UCPI,
Glutl and FGF21 expression, as well as a strong increase in the
secretion of FGF21 protein (Supplementary Fig 6). Moreover,
GW9508 significantly induced the glucose oxidation and
tended to increase the cell culture temperature (Supplementary
Fig. 6).

To examine whether drugs that also activate GPR120
specifically cause similar effects, we tested TUG-891%° and
grifolic acid®®. Indeed 0.2mM TUG-891 and 0.1 mM grifolic
acid strongly upregulated FGF21 and Glutl, and had milder
effects on UCPI and PGC-1o (Fig. 5f).

Collectively, these results indicate that GPR120 activation has
cell-autonomous effects on brown adipocytes, including a strong
effect in promoting brown adipocyte differentiation and a
particularly strong activation of FGF21 expression and release
associated with signs of the enhanced oxygen consumption,
glucose oxidation and thermogenesis.

GPR120 activation induces beige adipocyte thermogenesis.
To analyse the cell-autonomous effects of GPR120 activation on
the WAT browning process, primary cultures of precursor cells

8

obtained from iWAT were cultured in regular differentiation
medium and exposed to rosiglitazone to promote acquisition of
the beige phenotype’!. Rosiglitazone treatment did not alter the
morphology of differentiating cells or the lipid droplet
accumulation, but did tend to decrease the lipid droplet size
(Fig. 6a). Rosiglitazone did not alter the expression of general
adipogenic marker genes in differentiating adipocytes; instead it
downregulated leptin (a marker of the WAT versus BAT
phenotype) and strongly upregulated the beige markers UCPI
and PGC-1o (Fig. 6b). Supplementation with GW9508 instead of
rosiglitazone caused a similar, even stronger, induction of
browning, as evidenced by upregulation of the beige marker
genes (UCP1, PGC-1o and Sirt3; Fig. 6b) and downregulation of
leptin, while leaving most general adipogenic genes unaltered.
Rosiglitazone-induced and especially GW9508-induced beige
differentiation strongly upregulated the expression (Fig. 6b)
and release of FGF21 (Fig. 6c). Consistent with the gene
expression data, the heat production was significantly higher in
GW9508-treated beige cells (Fig. 6d).

We next questioned whether the effects of the GPRI120
activation also occurred in adipocytes that had differentiated to
a beige phenotype. Indeed, GW9508 treatment of differentiated
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beige adipocytes for 24h triggered a moderate but significant
upregulation of thermogenic marker genes (UCPI and PGC-1),
and a stronger induction of FGF21 expression (Fig. 6e) and
release (Fig. 6f). GW9508 also increased the glucose oxidation
rate (Fig. 6g) and cellular heat production (Fig. 6h) in beige
adipocytes.

Compared with iWAT precursors, eWAT precursors yielded
similar results with GW9508 inducing even stronger browning
than rosiglitazone (as shown by gene expression analysis)
and powerfully inducing FGF21 expression and release in
differentiated adipocytes (Supplementary Fig. 7).

n-3 PUFAs promote brown fat activation through GPR120.
GPR120 is assumed to interact with unsaturated fatty acids—or
derivatives—at the cell surface and trigger subsequent intracel-
lular effects'?. Since omega-3 PUFAs are more potent than
omega-6 or omega-9 PUFAs in eliciting GRP120-mediated
effects!?13, we analysed the effects of o-linolenic (ALA),
eicosapentaenoic (EPA) and docosahexaenoic (DHA) acids.

Supplementation of delipidated cell culture medium with EPA
or ALA markedly promoted the morphological adipogenic
differentiation of brown pre-adipocytes obtained from iBAT, to
a degree similar to that elicited by ITA (Fig. 7a). In contrast, DHA
had barely significant effects. The thermogenic genes, especially
UCPI and FGF21, were markedly induced by EPA and ALA,
relative to ITA. Some induction of general adipogenic genes was
also observed, especially in response to EPA (Fig. 7b). EPA and
ALA also enhanced FGF21 protein secretion relative to ITA
(Fig. 7¢). The cellular temperature was increased by EPA relative
to cells cultured in delipidated medium, but there was no
significant temperature difference relative to ITA-differentiated
cells (Fig. 7d). EPA treatment increased oxygen consumption to
an extent similar to that elicited by ITA, under both basal and
CL316,243-treated conditions (Fig. 7e).

EPA and ALA treatment of beige adipocytes undergoing
differentiation from iWAT precursors promoted their
morphological differentiation (Fig. 7f), significantly upregulated
the tested thermogenic-related genes (with the exception of a
non-significant effect of ALA on UCPI and PGC-la), and
downregulated leptin (Fig. 7g). EPA and ALA increased FGF21
gene expression and release (Fig. 7h), but only EPA significantly
increased cell temperature. Overall, in both, the brown and beige
experimental settings, EPA tended to be more powerful than ALA.

As PPARa is known to mediate transcriptional effects of fatty
acids in brown adipocytes?> and regulates FGF21 expression in
the liver’3?, we determined the effects of EPA on primary
cultures of precursor cells from the iBAT of PPARx-null mice. As
expected, the absence of PPARa did not alter the responsiveness
of brown adipocytes to GW9508 (Supplementary Fig 8a). EPA
still promoted brown adipocyte differentiation and strongly
induced FGF21 in cells devoid of PPARa, although the levels of
FGF21 expression attained were smaller (Supplementary Fig 8a).
We also determined whether the effects of EPA could involve
PPARy. Exposure of differentiating brown adipocytes to the
PPARYy inhibitor, GW9662, did not significantly alter the effects
of EPA or GW9508 on the morphological differentiation; the
significant upregulation of the FGF21 gene in response to EPA
was maintained, but the levels achieved were significantly less
than those observed in the absence of the PPARy inhibitor
(Supplementary Fig 8b). These results indicate that although
PPARs are not necessary for the ability of EPA to induce FGF21,
they may contribute to some of the effects of EPA.

We further determined the involvement of GPRI120 in
mediating the effects of EPA on the brown and beige
differentiation of pre-adipocytes. For this purpose, we analysed
precursor cells cultures from the iBAT and iWAT of GPR120-null

mice and wild-type controls. Precursor cells from GPR120-null
iBAT showed much less differentiation into brown adipocytes,
as evidenced by decreased acquisition of brown adipocyte
morphology (Fig. 8a), impaired expression of thermogenic
marker genes (UCPI and FGF2I; Fig. 8b), and signs of reduced
expression of general adipogenesis marker genes. EPA treatment
significantly induced FGF2I mRNA expression (Fig. 8c) and
FGF21 protein secretion (Fig. 8d) in wild-type brown adipocytes,
but not in GPR120-null cells that were totally insensitive to EPA.
Precursor cells from GPRI20-null iWAT showed a delayed
differentiation (Fig. 8e; see microscopic morphology on day 3 of
culture), but ultimately reached similar levels of thermogenic and
adipogenic gene expression by day 7. The abilities of EPA to
induce FGF21 mRNA expression and FGF21 protein release were
significantly reduced in GPRI120-null beige adipocytes (Fig. 8f).

Next, we used two independent approaches to determine
whether EPA affects FGF21 expression and release by previously
differentiated brown or beige adipocytes, and whether GPR120
mediated these effects. First, we treated differentiated cells with
the GPR120 antagonist, AH7614 (ref. 34). As expected, AH7614
significantly inhibited the capacity of GW9508 to induce FGF21
expression and release in brown and beige adipocytes (Fig. 8g).
AH7614 also inhibited the effects of EPA on FGF21 expression
and release, indicating that these effects involve GPR120 in brown
and beige adipocytes.

Second, we performed short interfering RNA (siRNA)-driven
knockdown of GPR120 in brown adipocytes subjected to in vitro
differentiation. In these cells, we obtained an 80% reduction in
the mRNA expression of the GPR120 as compared with controls
(Fig. 8h, left). Under these conditions of GPR120 knocking down,
the abilities of GW9508 and EPA to induce FGF21 gene
expression were also strongly impaired (Fig. 8h). GPR120
knocking down also impaired the induction of UCPI and
PGC-1a by EPA.

Collectively, these findings indicate that EPA induces brown
and beige differentiation, and enhances FGF21 gene expression
and FGF21 protein secretion mostly via GPR120 activation.

GPR120-mediated induction of FGF21 involves p38 MAPkinase.
To further explore the mechanisms through which GPR120
activation induces FGF21 gene expression, differentiated brown
adipocytes were treated with GW9508 in the presence or not of
intracellular kinase inhibitors. U-0128 and wortmannin sig-
nificantly reduced the upregulation of FGF21 gene expression in
response to GW9508 or EPA (Supplementary Fig 9a), confirming
the previously reported involvement of ERK1/2 and PI3kinase,
respectively, in the intracellular actions following GPR120
activation in other cell systems, such as white adipocytes!'®. In
contrast, the inhibitors of PKA or AMP kinase had no effect
(Supplementary Fig 9a). Interestingly, the p38 MAPK inhibitor,
SB202190, strongly impaired GW9508- or EPA-induced FGF21
gene expression. Treatment of brown adipocytes with GW9508
or EPA induced the phosphorylations of p38 MAPK and
(as expected) ERK1/2, but not of other regulatory proteins such
as CREB (Supplementary Fig 9b). As p38 MAPK mediates the
regulation of FGF21 in response to noradrenergic stimuli in
BAT', we determined the effects of GW9598 and EPA on the
transcriptional regulation of the FGF21 gene promoter. We found
that these agents significantly induced the activity of the FGF21
promoter (Supplementary Fig 9¢c). Conversely, a version of the
promoter devoid of the p38 MAPK-responsive site failed to
respond to GW9508 or EPA. Moreover, transfection of an
expression vector for MKK6 (MKK6-K82A), which acts as
dominant negative for p38 MAPK-dependent activation®>,
blunted the effects of GW9508 and EPA on the FGF2I gene
promoter activity. These findings suggest that GPR120-induced
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FGF21 expression in brown adipocytes involves the activation of
p38 MAPK and its downstream induction of FGF21 gene
transcription.

FGF21 is involved in the effects of GPR120 activation. FGF21,
which is a hormonal factor expressed and released by brown and
beige cells'*?, has strong autocrine/endocrine effects on BAT
activation and WAT browning®®3”. Thus, we next explored the
involvement of FGF21 in the biological response to GPR120
activation.

FGF21-null mice were treated with GW9508 in their diet for 1
week. The absence of FGF21 strongly impaired the capacity of
GW9508 to induce BAT thermogenic activation, as evidenced by
decreased induction of thermogenic genes (for example, UCPI,
PGC-1oc and Bmp8b) and Glutl, whereas markers of general
adipogenesis (for example, FABP4) were unaltered (Fig. 9a).
FGF21-null mice kept under basal conditions exhibited increased
lipid content, indicative of impaired activity and ‘whitening’ of
BAT (Fig. 9b). GW9508 treatment of FGF2I-null mice, in
contrast with wild-type mice, even increased the signs of impaired
thermogenic activity and ‘whitening’ of BAT as evidenced by
increased lipid content and enhanced leptin gene expression.
Moreover, GW9508 failed to increase UCP1 protein levels in BAT
from FGF2I-null mice (Fig. 9b).

FGF21-null mice also showed strong impairment of iWAT
browning in response to GW9508. The clusters of multilocular,
beige adipocytes, seen in GW9508-treated wild-type mice were
largely absent in GW9508-treated FGF21-null mice (Fig. 9d), and
there were strong reductions in the GW9508-mediated upregula-
tion of the thermogenic, beige phenotype-related, genes (for
example, PGC-1a, UCPI and Sirt3; Fig. 9c). GW9508 treatment
increased UCP1 protein levels in iWAT from wild-type mice and
the extent of induction of UCP1 protein levels in FGF21-null
mice was significantly lower. Although the response of eWAT to
GW9508-induced browning was less marked than that in iWAT
of wild-type mice, the mild upregulation observed among
browning-associated genes was blunted in GW9508-treated
FGF2I-null mice (Supplementary Fig 10).

We further explored the cell-autonomous functions of FGF21
in the responsiveness to GPR120 activation. Brown adipocytes
from FGF21-null mice differentiated normally in vitro, and
GPR120 expression was not altered by the lack of FGF2I.
GW9508 was able to activate the expressions of thermogenic
genes (UCP1, PGC-la, COXIV and Sirt3) in cultured brown
adipocytes, but the extent of these inductions were significantly
less in FGF21-null cells than in control cells (Fig. 10a). When
previously differentiated brown adipocytes from FGF21-null mice
were treated with GW9508 for 24 h, we observed reductions in
the upregulations of some thermogenic genes (Fig. 10b) and
glucose oxidation (Fig. 10d). In beige adipocytes differentiated
from iWAT, the lack of FGF21 reduced the GW9508-induced
upregulations of beige markers (UCPI and PGC-10; Fig. 10c) and
blocked the ability of GW9508 to induce glucose oxidation
(Fig. 10d).

Collectively, these results indicate that at least some of the
effects of GPR120 activation on the thermogenic activations of
brown and beige adipocytes involve FGF21, potentially via the
autocrine/endocrine actions of FGF21 secreted downstream of
GPR120 activation.

Discussion

The identification of novel regulators that promote energy
expenditure and the capacity of BAT activity to oxidize metabolic
substrates may provide key therapeutic targets in obesity, diabetes
and dyslipidemias. Attempts to promote energy expenditure by
the use of sympathomimetics, which take advantage of the
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classical adrenergic pathway for controlling of BAT activity, have
failed due to the important side effects®S.

We presently identified a novel pathway regulated by the fatty
acid receptor GPR120 that controls BAT activity and WAT
browning. Our data indicate that GPR120 activation plays a dual
role, namely: (1) it promotes the differentiation of pre-adipocytes
into the brown and beige lineages; and (2) it promotes
thermogenic activation in differentiated brown and beige
adipocytes. Previous reports showed that GPR120 activation
increases the energy expenditure and ameliorates insulin
resistance! >4, Given that BAT activity and WAT browning
have major impacts on energy expenditure and glucose
homoeostasis, our current data provide a biological basis and
mechanistic explanation for these observations. This adds a new
function for GPR120, in addition to its ability to decrease chronic
inflammation, in association with the improved insulin
resistance!>%. Modifications in the pro- and anti-inflammatory
profiles of immune cells were recently reported to influence BAT
activation and especially WAT browning®4!. Further research is
warranted to determine the role of GPR120-mediated regulation
of immune cells on BAT and browning of WAT in vivo; however,
our current findings establish a direct, cell-autonomous effect, of
GPR120 in the promotion of brown and beige cell differentiation
and activation.

The effects of GPR120 activation on BAT activity and WAT
browning appear to mediate the actions of omega-3 PUFAs,
which are physiological activators of the GPR120 receptor, on
these processes. Dietary enrichment with omega-3 PUFAs have
beneficial effects on metabolic health in healthy lean individuals,
whereas in experimental rodent models, omega-3 PUFA have
been shown to prevent the develogment of obesity, and decrease
hyperglycaemia and dyslipidemia®?. Several reports agreed that
dietary supplementation with PUFAs promote BAT recruitment
and WAT browning as reflected by enhanced mitochondrial
oxidative capacity and, in some reports, increased UCP1
content**~47_ Single dietary supplementation with EPA (but not
DHA) has reportedly had the most significant effects*, and
recent data show an especially active effect of EPA in the
promotion of browning in vitro®®. The molecular mechanisms
underlying these effects remained to be clarified. Our current data
indicate that omega-3 PUFAs have cell-autonomous GPR120-
mediated effects directly stimulating the differentiation and
activation of brown and beige adipocytes. This strongly
supports the notion that GPR120 activation is involved in the
actions of dietary omega-3 PUFAs on BAT activation, WAT
browning and metabolic consequences, and may provide a
molecular explanation for some of the beneficial effects of PUFAs.

Our study also shows that some of the effects triggered by
GPRI120 activation are mediated via the GPR120-induced
expression and release of FGF21 in brown and beige adipose
tissues. Fatty acids stimulate the expression of FGF21 in hepatic
cells, which are devoid of GPR120, in a PPARo-mediated
manner’2. However, this pathway does not mediate FGF21
gene expression in BAT!®. Our present data indicate that GPR120
activation is part of a highly tissue-specific pathway that regulates
FGF21 expression via the p38 MAPK-mediated activation of
FGF21 gene transcription in brown and beige cell lineages.
Moreover, the effects of GPR120 activation to promote BAT
activity and WAT browning are mediated at least in part by
FGF21. FGF21 promotes thermogenic activation of BAT, and the
browning of WAT in association with increased glucose uptake
and oxidation®37. Similar effects were seen following GPR120
activation, and these effects were reduced in FGF21-inactivated
animal and cell models. Thus, we herein report that autocrine and
(perhaps) endocrine actions of FGF21 are relevant to the GPR120
activation-mediated induction of BAT differentiation and WAT
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Figure 9 | FGF21 gene invalidation reduces the effects of GW9508 treatment in mice. Wild-type and FGF21-null mice were fed a control diet (white
and grey bars, respectively) or supplemented with GW9508 (blue and black bars, respectively) for 7 days (n=>5). (a) Relative mRNA levels of
thermogenesis-related and adipogenic genes in iBAT (¢) and iWAT. Representative optical microscopy images of H&E staining (scale bar, 125 um), the
relative lipid content and UCP1 protein levels in iBAT (b) and iWAT (d), and the percentage of multilocular adipocytes in iWAT. Bars are means + s.e.m.
(*P<0.05, **P<0.01 and ***P<0.001 relative to untreated control mice of each genotype; +P<0.05, + +P<0.01 and + + +P<0.001 relative to
same treatment of the wild-type group; analysis of variance with Tukey's post hoc test).
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wild-type and FGF27-null mice (n =5) were differentiated and acutely treated with GW9508 (24 h), mRNA expression levels of FGF21, UCP1, PGC-Ta, CoxlV,
GlutT and Sirt3. (¢) iWAT precursors from wild-type and FGF21-null mice (n=5) were differentiated and acutely treated with GW9508 (24 h), mRNA
expression levels of FGF21, UCP1, PGC-1a, CoxlV, GlutT and Sirt3. (d) Glucose oxidation in iBAT and iWAT-derived adipocytes from wild-type and FGF21-null
mice after 24 h treatment with GW9508. Bars are means +s.e.m. (*P<0.05, **P<0.01 and ***P<0.001 for the effects of GW9508; and + P<0.05,
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representation of the effects of GPR120 activation by n-3 PUFAs on brown and beige adipocytes. FGF21 is involved in the GPR120 activation-mediated
thermogenic activation of BAT and WAT via autocrine/endocrine mechanisms.

browning (Fig. 10e). Of note, the capacity of GPR120 activation
to modify intracellular kinases (for example, p38 MAPK) suggests
that GPR120 may have additional and direct effects on BAT
activity and WAT browning.

In conclusion, we identified a novel pathway of BAT activation
and browning of WAT based on a strong, cell autonomous,
capacity of the lipid sensor GPR120 to trigger these processes.
This pathway is expected to contribute to the systemic metabolic
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benefits occurring after GPR120 activation. Our present findings
reinforce the current interest in the potential of GPR120-
activating drugs or dietary molecules for treating metabolic
diseases.

Methods
RNA-seq and RNA-seq data analysis. Total RNA was isolated using the RNeasy
Mini Kit (Qiagen), which favours purification of RNA molecules longer than 200
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nucleotides. Further sample preparation was done as described by the manu-
facturer (Illumina, Eindhoven, The Netherlands). Briefly, mRNA was purified from
2 ug total RNA using oligo (dT) beads, and then fragmented and randomly primed
for reverse transcription followed by second-strand synthesis to create double-
stranded cDNA fragments. The generated cDNA had undergone paired-end repair
to convert overhangs into blunt ends. After 3’-monoadenylation and adaptor
ligation, the cDNAs were purified by 2% agarose gel electrophoresis and 200-bp
products were excised from the gel. Following gel digestion, the purified cDNA was
amplified by PCR using primers specific for the ligated adaptors. Before sequen-
cing, the generated libraries were submitted to a quality control assessment with an
Agilent bioanalyzer 2100 (Agilent Technologies, Wokingham, UK). The RNA
integrity number values for all samples were at least 7.5. To verify the cDNA
quality and quantity, 1 pl cDNA was loaded on an Agilent DNA chip (DNA-1000,
Agilent Technologies). Only libraries that yielded satisfactory results from the
quality control studies were sequenced on an Illumina HiSeq 2,000 sequencer
(DNAvision, Charleroi, Belgium) with an average of 45 million reads per sample.
This level of coverage was previously shown to provide sufficient sequencing depth
for the quantification of gene expression and detection of transcripts*® and has
been used in our previous studies®>!. The obtained 100 nucleotide paired-end
reads were mapped to the mouse genome (version GRCm38) using the Tophat
mapper. Using this approach, we were able to map 87% of the raw reads on
average. Sequencing reads were mapped to the mouse genome (Mus musculus
version GRCm38) using Tophat version 2.02 (ref. 52) under default options for
paired-end read mapping. Mapped reads were used to quantify transcripts from the
Ensembl version 73 gene annotation data set (http://www.ensembl.org) using the
Flux Capacitor approach. This strategy deconvolutes reads mapping to exonic
regions shared by multiple transcripts by optimizing a system of linear equations,
and thus speciﬁca]lgl assigns some reads to each alternative splice form (http://
flux.sammeth.net). All genes and transcripts were assigned relative coverage rates
as measured in RPKM units (‘reads per kilobase per million mapped reads’)>*.
Lists of differentially expressed genes and transcripts were generated from the Flux
Capacitor output using scripts in Perl or R. The 88,346 transcripts annotated in
Ensembl 73 corresponded to 33,358 genes. Mice kept under the thermoneutral
temperature were found to express a median of 18,494 genes. Of them, 15,971
genes were found in all tested individuals.

To define the genes that were upregulated or downregulated by cold, the fold
change was calculated as the proportion between the sum of the RPKM for all gene
transcripts under the cold condition and the same sum in control condition.
Significance was tested using a Fisher’s exact test (the number of reads mapped to a
given gene and number of reads mapped to all other genes in the cold condition
versus the control condition) and corrected by the Benjamini-Hochberg method
(taking for each gene the four samples as independent tests). A difference in gene
expression was considered significant if the corrected P value was <0.05. As
additional criteria, a gene was considered to be ‘modified by cold” only if its
expression changed significantly in the same direction—that is, ‘up’ or ‘down’—in
at least three out of four samples per group and no significant change in the
opposite direction was observed, as in previous studies’®!,

Animals and treatments in vivo. For RNA-seq analysis, eight adult (5 months old
at the moment of the experiment) male C57BL6 mice were obtained from Harlan
Laboratories and were maintained at thermoneutral temperature (29 °C). After 2
weeks, four mice randomly were placed at an environment temperature of 4 °C for
24 h. Cold-exposed mice and thermoneutral controls were killed by decapitation,
iBAT was dissected and frozen for further analysis. Fgf21 ~/~ mice (B6N;12985-
Fgf21™1Le%/Mmcd) were obtained from the Mutant Mouse Regional Resource
Center (MMRRC), an NCRR-NIH-funded strain repository, having been donated
to the MMRRC by Genentech, Inc. Pparo-null mice (B6‘129S4-Ppam‘m1G°“Z/])
were obtained from Jackson Laboratory (Bar Harbor, ME, USA). GPRI20 —/ —
mice (Ffar4‘m1(KOMP)Vng) were purchased from MMRRC. Adult (5 months old)
male wild-type littermates were used as controls for all experiments with Fgf21-null
mice, Ppara-null mice and GPR120-null mice. When indicated, mice were injected
intraperitonneal with 1 mgkg ~! CL316,243.

GW9508 (Cayman Chemical) was administered to adult (5 months old) male
C57BL6 mice through the diet at a dose calculated to yield an intake of 50 pgg = *
body weight per day GW9508 intake® for 1 week. The diet was prepared as
previously described®® by soaking diet pellets in an acetone solution of the drug; the
control diet in was also soaked in acetone and dried. For cold-exposure treatments,
GPRI120-null, FGF21-null and the corresponding wild-type littermates were
exposed to 4 °C ambient temperature during the indicated timing. Mice were
subjected to non-invasive measurements (see below), and then they were killed,
and blood and tissues were collected. Tissue samples were frozen for further RNA
and/or protein analysis, or placed in 10% buffered formalin overnight and processed
for hematoxylin and eosin (H&E) staining and optical microscopy using standard
procedures. The relative lipid content and percentage of multilocular adipocytes were
measured from optical microscopy images using Image] and CellProfiler software,
with at least five independent preparations quantified for each experimental group.
Data of the relative lipid content and the area occupied by multilocular adipocytes
were expressed as percentages relative to total image area.

The volume of consumed oxygen, the volume of produced carbon dioxide and
the respiratory quotient were determined (Harvard Apparatus). Rectal temperature

was determined using an electronic thermistor equipped with a rectal

probe. Body temperature was non-invasively estimated by measuring the
eye-surface temperature using a high-sensitivity infrared thermography camera
(FLIR T335), as previously reported>’-3,

All experiments were performed in accordance with European Community
Council directive 86/609/EEC and experiments, as well as the number of animals to
be used were approved by the Institutional Animal Care and Use Committee at the
University of Barcelona based on the expected effects size.

Serum biochemistry. Glucose and triglyceride levels were measured using
Accutrend Technology (Roche Diagnostics, Basel, Switzerland). FGF21 levels were
quantified with ELISA (RD291108200R, Biovendor). Insulin, adipokines and
cytokines were quantified using a Multiplex system (MADKMAG-HK, Millipore).

Brown and beige adipocyte cell cultures. Stromal vascular cells were obtained
from iBAT and iWAT excised from 3-week-old C57BL6 mice (males and females),
primary cultures were generated and the cells were induced to differentiate

into brown and beige adipocytes, respectively, following the previously reported
procedures®>2%, Brown adipocyte differentiation was achieved by exposing
confluent precursor cells from iBAT in DMEM/F12 medium containing 10% foetal
bovine serum (FBS) and supplemented with 20 nM insulin, 2nM T3 and 0.1 mM
ascorbic acid (ITA).

For beige cell differentiation, confluent precursor cells from iWAT and eWAT
were maintained in DMEM/F12 containing 10% newborn calf serum (NCS). For
differentiarion, 850 nM insulin, 3 UM T3, 35nM dexamethasone and 10 uM rosigli-
tazone were added. When indicated, pre-adipocytes were cultured in the presence of
delipidated serum (Charcoal Stripped Serum-GIBCO) instead of FBS/NCS

Cells were treated either across the differentiation process or were treated
acutely (24 h), when already differentiated. Treatments included TUG-891
(200 uM), grifolic acid (100 pM), GW9508 (100 uM), ALA (100 pM), EPA
(100 uM), NE (0.5 uM), dibutyryl-cAMP (1 mM), SB202190 (10 uM), H89
(20 tM), GW7647 (1 uM), GW9662 (30 uM), AH-7614 (100 tM), U-0128 (10 M),
compound C (10 pM), wortmannin (2 pM) and CL316,243 (1 pM). All reagents
were obtained from Sigma with the exception of TUG-891, AH-7614, GW9662
(from Tocris), GW9508 (from Cayman Chemical), compound C (Calbiochem) and
U-0128 (Enzo). When indicated, cells were subjected to dynamic measurements
(see below) and/or further collected for RNA extraction.

Dynamic measurements of adipocytes in culture. Glucose oxidation rates were
determined in cultured adipocytes. Cells were incubated for 60 min in the appro-
priate cell culture medium containing [4C]-glucose after which trapped 4C-CO,
was measured. Cellular heat production was measured by infrared thermography in
accordance with an initial report> further developed for application to brown
adipocytes?”?8, Basically, brown or beige adipocytes were grown in a 12-well plate
and placed on a 37 °C heat block in a polystyrene box coated with black paper to
optimize insulation. Images were acquired by an infrared camera (FLIR systems
T335, Wilsonville, OR, USA), which detects a 7.5-13 pm spectral response with a
thermal sensitivity of 0.1 °C, and analysed using the FLIR Quick Report software
(Wilsonville, OR, USA). Supplementary Figure 11 shows an example of
thermographic recording of brown adipocytes in culture. Oxygen consumption of
cells was recorded using the Oxygen Biosensor System (BD) in the absence or
presence (uncoupled respiration) of 10 pgml ~! oligomycin, and also after
exposure of cells to CL316,243 for 24 h, as previoulsy described®.

siRNA-mediated interference. Reverse transfection of differentiated adipocytes
was performed using the Lipofectamine RNAIMAX (InvitroGene) and Optimem
(Life Technologies) reagents, random duplexes or two independent siRNA
duplexes designed to silence GPR120 (67928017 and 67928014, final concentration
10 uM), all from Integrated DNA Technologies-TriFECTA. One day after
transfection, the cells were exposed to various treatments and then collected for
analysis of extracted RNA and conditioned media.

Transient transfection of promoter constructs. Reverse transfection of differe-
ntiated brown adipocytes with the plasmid — 1497-FGF21-Luc, containing the 5’
region of the mouse FGF21 gene linked to the luciferase reporter gene, and the deleted
form 69-FGF21-Luc'® was performed using Lipofectamine. Where indicated, an
expression plasmid for a dominant-negative form of MKK6 (MKK6-K82A, Addgene
plasmid 13,519) was co-transfected (0.06 pug per well). The pRL-CMV expression
plasmid for the sea pansy (Renilla reniformis) luciferase was used as an internal
transfection control (Promega, Madison, WI, USA). Cells were incubated for 48 h
after transfection, and where indicated, they were treated with 100 pM GW9508 or
100 uM EPA for 24 h before collecting. Firefly luciferase activity elicited by FGF21
promoter constructs was normalized for variation in transfection efficiency using
Renilla luciferase as an internal standard, all measured in a Turner Designs lumino-
meter (TD 20/20) using the Dual-Luciferase Reporter Assay system (Promega).

Quantitative PCR with reverse transcription. Reverse transcription was
performed, using random hexamers primers (Applied Biosystems, Foster City, CA, USA)
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and 0.5 g RNA in a total reaction volume of 20 pl. For PCR, Tagman Gene
Expression Assay probes were used (Supplementary Table 3), with reaction mix-
tures containing 1 pul cDNA, 10 pl TagMan Universal PCR Master Mix (Applied
Biosystems), 250 nM probes and 900 nM of primers from the Assays-on-Demand
Gene Expression Assay Mix. The 18S rRNA was measured as the housekeeping
reference gene. The mRNA level of the gene of interest in each sample was
normalized to that of the reference control using the comparative (2 — ACT)
method, according to the manufacturer’s instructions. A transcript was considered
to be non-detectable when CT > 40.

Immunoblots and multiplex protein assays. Western blot analysis of tissue
and cell culture extracts was performed following standard procedures, using
primary anti-UCP1 (1:1,000 ab10983, Abcam, Cambridge, UK) and anti-GPR120
(1:150s¢-99105, Santa Cruz, USA). Specificity of GPR120 detection was checked
using BAT extracts from male C57BL6 GPRI120-null mice (Supplementary Fig. 12).
Loading controls were established using o-tubulin immunoblots (T9026,
Sigma-Aldrich) or Ponceau staining of membranes. Immunoreactive proteins were
detected using an ECL (enhanced chemiluminescence) system (GE Healthcare).
Signal intensities were quantified by scanning densitometry (Phoretics 1D
Software). Uncropped scans of western blots and corresponding Ponceau-stained
membranes, including scale markers are shown in Supplementary Fig. 13.
Quantitative measurements of changes in phosphorylated ERK1/2, CREB and p38
MAPK were performed using multiplex-based technology (48-680MAG and
48-681MAG kits, Millipore, Billerica, MA, USA) by determining the ratio of the
corresponding phosphoproteins relative to total specific proteins.

Statistics. Two-tailed unpaired Student’s t-test or one-way analysis of variance
were used to test for the statistical significance of differences between two
experimental conditions. Welch’s correction was applied when unequal variances
were detected by F-test, using the GraphPad statistical software (GraphPad
Software Inc., San Diego, CA, USA). Statistical significance was set with an o-value
of P<0.05, and underlying assumptions for validity of all tests were assessed.
Data are shown as means % s.e.m.

Data availability. The raw data generated during the RNA-seq procedure is
deposited in Gene Expression Omnibus (GEO) under accession number
GSE77534. The complete list of cold-modulated genes in BAT after RNA-seq data
analysis is available at http://Imedex.ulb.ac.be/data.php.
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Supplementary Figure 1. GPR120 expression and effects of p38 MAPK and PKA inhibitors
and PPARa agonist on UCP1 mRNA levels. (a) GPR120 mRNA expression in mouse tissues
using cyclophilin mRNA as housekeeping reference gene. Bars are means + s.e.m. (*P <0.05, **P
<0.01, ***P <0.001 compared with ileum; two-tailed unpaired student t-test). (b) Effects of 10 yM
SB202190 (a p38 MAPK inhibitor), or 20 uM H89 (a PKA inhibitor) on the up-regulation of UCP1
MRNA in response to 1mM dibutyryl-cAMP, and effects of 1 uM GW7647 (PPARa agonist) in brown
adipocytes differentiated in primary culture (n = 4). Bars are means + s.e.m. (*P <0.05, ***P <0.001
compared with controls; ++P<0.01, +++ P<0.001 for the effects of SB202190 or H89; ANOVA with
Tukey’s post hoc test).
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Supplementary Figure 2. Effects of GW9508 on thermogenic genes in epididymal WAT. Adult
mice were fed for 7 days a control diet (white bars) or a diet supplemented with GW9508 (blue bars)
(n = 6). (&) Relative expression levels of thermogenic and adipogenic genes in eWAT, (b)
representative optical microscopy images from H&E-stained eWAT (scale, 125um), (c) relative lipid
content. Bars are means + s.e.m. (*P<0.05 and **P<0.01relative to untreated control mice; two-

tailed unpaired student t-test).
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Supplementary Figure 3. GPR40 mRNA expression levels in adipose depots and GW9508
effect on intestinal cells. (a) GPR40 mRNA expression levels in mouse tissues (n =4). (b) Relative
expression levels of GLP-1 and FGF21 in lleum from adult mice fed for 7 days a control diet (white
bars) or a diet supplemented with GW9508 (blue bars). Bars are means + s.e.m. (*P<0.05 relative

to liver GPR40 mRNA expression; two-tailed unpaired student t-test).
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Supplementary Figure 4. Effects of GPR120 gene invalidation on the response to GW9508
treatment in iBAT. Wild-type and GPR120-/- mice (n = 5) were fed for 7 days a control diet (white
and grey bars, respectively) or a diet supplemented with GW9508 (blue and black bars,
respectively). (a) Relative expression levels of thermogenic and adipogenic genes in iBAT. (b)
Representative optical microscopy from H&E-stained iBAT (scale, 200um), (c) relative lipid content,
(d) UCP1 protein levels. Bars are means + s.e.m. (*P<0.05, **P<0.01, and ***P<0.001 relative to
untreated mice of each genotype; +P<0.05, ++P<0.01 relative to the effects of the genotype in mice

under the same treatment; ANOVA with Tukey’s post hoc test).
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Supplementary Figure 5. Effects of GPR120 invalidation on iBAT from mice exposed to cold.
Wild-type (white bars) and GPR120-/- (grey bars) mice were exposed to cold (4°C) for 7 days (n=5).
(a) Relative expression levels of thermogenic and adipogenic genes in iBAT. (b) Representative
images of H&E-stained iBAT (scale, 125um) and the relative lipid droplet content. (c) FGF21 mRNA
expression levels in liver and skeletal muscle. Bars are means + s.e.m. (*P<0.05, relative to wild-

type control mice; two-tailed unpaired student t-test).
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Supplementary Figure 6. GPR120 activation induces thermogenesis-related genes
expression, glucose oxidation and FGF21 protein release in brown adipocytes. iBAT
precursors were differentiated and treated for 24h with 100pM GW9508 (n = 5) (a) Relative
expression levels of UCP1, PGC-71a, CoxIV, FGF21 and Glutl. (b) FGF21 protein in supernatant
(24h accumulation). (c) Glucose oxidation rate. (d) Cell culture temperature. Bars are means +
s.e.m. (*P<0.05, **P<0.01, and ***P<0.001 relative to untreated control cells; two-tailed unpaired

student t-test).
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Supplementary Figure 7. GPR120 activation promotes eWAT derived beige adipocyte differentiation
and increases FGF21 expression and release. For a-c, eWAT precursors from wild-type mice were
differentiated (n=3-5) in the presence of the differentiation media (DM) (n=3), supplemented with rosiglitazone
to drive beige differentiation (DM + Rosiglitazone)(n=5), or treated with GW9508 instead of rosiglitazone (DM
+ GW9508) (n=5) (see Methods section). (a) Representative optical microscopy images at the end of
differentiation (day 7) (scale bar, 200um). (b) Relative mRNA expression levels of browning-related and
general adipogenic genes. (c) Cell culture temperature. For d-g, eWAT precursors from wild-type mice were
differentiated and treated during 24h with GW9508 (100uM) (n=5). (d) mRNA expression levels of UCP1,
PGC-1a, Glutl, COXIV, FGF21, Sirt3, and FABP4. (e) FGF21 protein levels in culture media (24h
accumulation). (f) Glucose oxidation rate. (g) Cell culture temperature. Bars are means + s.e.m. (*P<0.05,

**p<0.01, and ***p<0.001 versus controls; two-tailed unpaired student t-test).
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Supplementary Figure 8. Involvement of the PPARa and PPARy pathways in the FGF21
induction elicited by activation of GPR120. (a) iBAT precursors from wild-type and PPARa—null
mice were differentiated and treated during 24h with GW9508 (100uM) or EPA (100uM). Relative
MRNA expression for FGF21, UCP1 and PGC-1a is shown (n = 3). (b) iBAT precursors from wild-
type mice were differentiated and treated with GW9508 or EPA and the PPARy antagonist
(GW9662). Relative mRNA expression for FGF21, UCP1 and PGC-1a is shown (n = 3). Bars are
means + s.e.m. (*P<0.05, **p<0.01, and ***p<0.001 versus controls; +P<0.05, ++p<0.01, and
+++p<0.001 PPARa-null cells or GW9662 treated cells; ANOVA with Tukey’s post hoc test).
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Supplementary Figure 9. Effects of GW9508 or EPA on FGF21 mRNA expression in the
presence of kinases inhibitors, phosphorylation of regulatory kinases, and FGF21 gene
promoter activity. Brown adipocytes in culture were used. (a) FGF27 mRNA expression after 24h
treatment with GW9508 (100uM) or EPA (100uM) in the presence of 2 yM wortmannin (PI3K
inhibitor), 10 yM compound C (AMP kinase inhibitor),10 yM SB202190 (p38 MAPK inhibitor), 20
MM H89 (PKA inhibitor), 10 uM U-0128 (ERK inhibitor) (n = 4). (b) Relative levels of phosphorylated
versus total kinases in response to GW9508 or EPA at the indicated times of treatment (n = 3). (c)
Wild-type (1.4 FGF21-Luc) and deleted (69-FGF21-Luc) FGF21 gene promoter activity in
transfected brown adipocytes in response to GW9508 or EPA. Effects of co-transfection with the
dominant negative form of MKK6 (K82A) (n = 4). Bars are means + s.e.m. (*P<0.05, versus controls
in the absence of inhibitors in (a), and versus non-treated cells in (b) and (c); for a, Student’s t test
was used and for b and ¢, ANOVA and Tukey post-hoc tests.
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Supplementary Figure 10. Impaired effects of GW9508 on FGF21-null beige adipocytes
derived from eWAT. eWAT precursors from wild-type and FGF21-null mice were differentiated
and treated with GW9508 (24h) (n = 5), mRNA expression levels of thermogenic and adipogenic
genes are shown. Bars are means + s.e.m. (*P<0.05, **P<0.01, for the effects of GW9508; and
+P<0.05, ++P<0.01, for comparisons between wild-type and FGF21-null cells; ANOVA with Tukey’s

post hoc test).

161



WT KO

nos. o S

GPR120 | e [= 50 KDa

GAPDH | s s |' 37 KDa

Supplementary Figure 11. Validation of specificity of GPR120 detection by immunoblot using
BAT from GPR120-null mice. The Figure shows a representative western blot of 20 ug of protein
extracts from mouse iBAT from wild-type (WT) and GPR120-null (KO) mice probed with the sc-
99105 rabbit anti-GPR120 antibody (1:150) (Santa Cruz, USA). N.s., non-pecific. GAPDH, probing

of the membrane with the leading control GAPDH (1:3000) to ensure equal loading of lanes.
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Supplementary Figure 12. Methodology for infrared thermography of brown adipocytes in
culture. Example of thermographic recording of brown adipocytes in culture as described in
Methods.
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Supplementary Figure 13. Uncropped western blots and markers. Immunoblots (left) and
Ponceau-stained membranes showing weight markers (right). Arrow, specific immunoblot signal.
Black areas, lanes unrelated to current study.
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Supplementary Table 1. Tissue weight, body temperature and circulating metabolic and
hormonal parameters in mice treated with dietary GW9508 for 7 days Adult mice were fed a
standard chow diet supplemented with or without GW9508 for 7 days. Data are means + s.e.m.
(*P<0.05 relative to untreated control mice; two-tailed unpaired student t-test).

Control (n=5) GW9508(n=6)

Body Weight (g) 29.0 £0.8 27,6 £0.6
Food intake (g9) 6.4+0.7 48+0.6
iBAT (mg) 99.4+7.8 96.0 + 3.1
IWAT (mg) 954+ 14 100.2+ 11.8
eWAT (mg) 180.0+ 247 1811+ 259
MWAT (mQ) 169.1+£27.5 1334+ 13.0
Rectal temperature (°C) 35.7+£04 35.8+04
Core temperature (eye) (°C) 359+05 35.6+0.3
Glucose (mg/dL) 183+ 10 157 £ 14
Triglycerides (mg/dL) 140 + 14 169 £ 12
Insulin (pg/dL) 966 + 99 63362~
IL-6 (pg/dL) 54 + 39 27 + 11
Leptin (pg/dL) 1090 + 382 1374 + 324
PAI1 (pg/dL) 1168 + 334 1579 + 329
Resistin (pg/dL) 1930 + 130 1971 £ 171
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Supplementary Table 2. Tissue weight, body temperature and circulating metabolic and
hormonal parameters in wild-type mice and GPR120-null mice treated with dietary GW9508
for 7 days Adult mice were fed a standard chow diet supplemented with or without GW9508 for 7
days. Data are means = s.e.m. (*P<0.05 relative to untreated control mice; ANOVA with Tukey’s
post hoc test).

Wild-type GPR120-/-

Control GW9508 Control GW9508
Body weight (g) 27.7+0.6 27.0+0.6 26.9 0.5 27.4+0.3
Food intake (Q) 4.0+0.2 45+0.1 43+0.1 4.1+0.21
iBAT (mg) 83.7+1.8 97.4 +15.5 90.6 + 5.4 91.6+7.4
IWAT (mQ) 147.6 £ 10.0 2055+ 3.0 1334 7.3 204.0+31.9
eWAT(mg) 264.6 £ 15.3 440.5 + 143.5 228.8+21.5 433.8 £ 50.0
Core temperature 35.8+0,5 35.6 £ 0,3 36.2+018  36.0%0.2
(eye) (°C)
Glucose (mg/dL) 195 + 11 1858 1709 174 £ 17
Triglycerides (mg/dL) 159 + 13 1387 157 £ 9 160 + 19
Insulin (pg/dL) 1520 + 45 996 + 96 * 1110 + 350 1200 + 180
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Supplementary Table 3.

guantification of gene transcripts.

TagMan probes

(Applied Biosystems) used for

Gene

18S rRNA
FGF21
PGC-1alpha
UCP1
Glut1
PRDM16
Bmp8b
CoxIV
Sirt3
PPARg
FABP4
GPR120
GPR40
Leptin

PPIA( cyclophillin)

Reference
Hs99999901_s1
Mm00840165_g1
Mm447183_m1
Mm00494069_m1
MmO00441480_m1
MmO00712556_mA1
MmO00432115_g1
MmO00438289_g1
MmO00452129 m1
Mm440945 _m1
Mm00445880_m1
MmO00725193_m1
MmO00809442_s2
MmO00434759_m1

Mm02342430_g1
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GPR120 controls neonatal thermogenic adaptation and brown
fat function
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IF: 6.799 ENDOCRINOLOGY & METABOLISM 11 DE 138 (1 Decile)

Abstract:

Objectives: The present study aimed to elucidate the possible role of GPR120 in adaptive
thermogenesis and FGF21 regulation in new born mice. Methods: Heterozygous mice
for GPR120 (Ffar4-/+) were mated. Pup deliveries were monitored and the animals were
sampled at embryonic age 19, and at 6, 12 and 24 hours after birth. To examine the
possible role of GPR120 on neonatal brown adipose tissue (BAT) thermogenic activation,
new-born BAT indirect calorimetry was assessed by thermographic images. Also, BAT
from these animals was dissected and analyzed for RNA and protein expression. Finally,
BAT from 1 day old pups was dissected to determine the substrate oxidation capacity of
these tissues (14C-glucose and 14Cpalmitate).

Results: Ffard (GPR120), Ucpl and Fgf21 genes were up-regulated in neonates product
of thermal stress. Mice with a targeted disruption of the GPR120 gene (Ffar4) show an
increased mortality during the first 24 hours of life under 21°C housing temperatures.
Analysis on BAT from these animals show that the induction of Ucpl mRNA and protein
expression upon birth is reduced in GPR120-null mice. In addition, GPR120-null pups
showed a reduced BAT temperature and decreased fatty acid oxidation capacity.

Conclusions: GPR120 expression in BAT is induced in pups after birth due to thermal
stress. The lipid receptor expression and activity is essential for new-born adequate
thermogenic adaptations. GPR120 deficiency leads to a decrease in FGF21 circulating
levels during the first 24 hours post-partum which seems to correlate with decreased
expression of UCP1 and fatty acid oxidation in BAT.
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Abstract

Objectives: The present study aimed to elucidate the possible role of GPR120 in
adaptive thermogenesis and FGF21 regulation in new born mice.

Methods: Heterozygous mice for GPR120 (Ffar4-/+) were mated. Pup deliveries
were monitored and the animals were sampled at embryonic age 19, and at 6, 12 and
24 hours after birth. To examine the possible role of GPR120 on neonatal brown adipose
tissue (BAT) thermogenic activation, newborn BAT indirect calorimetry was assessed by
thermographic images. Also, BAT from these animals was dissected and analyzed for
RNA and protein expression. Finally, BAT from 1 day old pups was dissected to
determine the substrate oxidation capacity of these tissues (**C-glucose and *C-
palmitate).

Results: Ffar4 (GPR120), Ucpl and Fgf21 genes were upregulated in neonates
product of thermal stress. Mice with a targeted disruption of the GPR120 gene (Ffar4)
show an increased mortality during the first 24 hours of life under 21°C housing
temperatures. Analysis on BAT from these animals show that the induction of Ucpl
mMRNA and protein expression upon birth is reduced in GPR120-null mice. In addition,
GPR120-null pups showed a reduced BAT temperature and decreased fatty acid
oxidation capacity.

Conclusions: GPR120 expression in BAT is induced in pups after birth due to thermal
stress. The lipid receptor expression and activity is essential for newborn adequate
thermogenic adaptations. GPR120 deficiency leads to a decrease in FGF21 circulating
levels during the first 24 hours post-partum which seems to correlate with decreased
expression of UCP1 and fatty acid oxidation in BAT.

1. Introduction

Fetal life is a stable period of time at which fetus’ temperature is intimately linked
to the maternal temperature. It is estimated that the fetal temperature can reach
temperatures up to one degree higher than there of the mother! 2, Heat production for
maintaining body temperature is suppressed in the fetus. However, it is in this period
that brown adipose tissue (BAT), the main site responsible for thermal adaptations,
begins its maturation. Brown fat is the main tissue specialized for adaptive
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thermogenesis!. Upon delivery, the newborn temperature drops dramatically and it
must rapidly adapt from the warm uterine environment (close to 37°C) to a cool extra-
uterine life. The achievement of this adaptation is crucial since newborn hypothermia
can be lethal®. Thermogenic activation in the newborn begins within minutes after birth
and continues for many hours. Temperature maintenance will be mainly achieved by
non-shivering thermogenesis (NST) »* 4. The capacity of BAT to endure NST depends in
great measure on the amount of uncoupling protein-1 (UCP1) present in the tissuel >
due to its capacity for uncoupling the respiratory chain and producing heat?. Thus, an
adequate control of UCP1 expression upon delivery is essential for thermogenic
adaptations in the neonate. Expression of UCP1 gene in BAT is turned on in late fetal life
and, after birth, UCP1 gene expression is dramatically induced. Mitochondrial biogenesis
and overall BAT hypertrophy also develops after birth to cope with the postnatal
thermogenic challenge.

Sympathetic activation is believed to induce neonatal BAT thermogenesis, in a
manner similar to cold-induced BAT activation in adults. However, additional factors
have been proposed to be necessary for neonatal BAT induction. Accordingly, high
levels of the fibroblast growth factor 21 (FGF21) in neonatal plasma, originating in liver
in response to the initiation of milk intake, have been proposed to regulate neonatal
BAT thermogenesis®. FGF21 is known to favor NST and promote browning of white
adipose tissue in adults’. FGF21 is presumed to be expressed and secreted not only in
liver but also by BAT in conditions of thermogenic activation. However, its local role in
neonatal BAT thermogenesis is unknown. Recently, another pathway of thermogenic
regulation of BAT and WAT has been identified involving the activation of the G-protein
coupled receptor 120 (GPR120), a fatty acid receptor also called FFAR42. Activation of
GPR120 in BAT and WAT appears to promote adaptive thermogenesis through the
induction of FGF21 expression. Here we report a key role of the GPR120/FGF21 axis in
relation to thermogenic adaptation and regulation of BAT activity in neonatal life.

2. Materials and methods

2.1 Animals

All animal experiments were performed in accordance with European Community
Council directive 86/609/EEC, as well as the number of animals to be used were
approved by the Institutional Animal Care and Use Committee at the University of
Barcelona based on the expected effects size. Swiss wild-type (purchased from Envigo)
and C57/BL6 GPR120-heterozygote mice (Ffar4tml (KOMP) Vicg, purchased from
MMRRC) were used. C57/BL6 GPR120-heterozygote mice were mated and experiments
were performed on GPR120-null, heterozygous and wild-type littermates. For studies in
fetuses, cesarean sections were performed on Swiss or C57/BL6 mice on day 19 of
gestation (Fetus-E19). Pups were studied starting at the time at which all pups had been
born but had not yet started suckling (0 hr) and at 6 (P0.25), 12 (P0.5) and 24 (P1) hours
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after birth. For ontogeny expression studies in Swiss mice ages: 7 (P7), 14 (P14), 21 (P21),
and 70 days (adult) after birth were also sampled.

For studies on postnatal starvation, wild-type Swiss pups were separated from
mothers prior to initiation of suckling, and placed in a humidified thermostatically
controlled chamber (21°C or 37°C) for 8 hours.

BAT temperature was non-invasively estimated by measuring the iBAT skin-surface
temperature using a high-sensitivity infrared thermography camera (FLIR T335), as
previously reported?®.

Mice were killed by decapitation. Liver, interscapular BAT, duodenum, jejunum,
ileum and colon were dissected. Blood was collected and glucose levels were
determined using Accutrend (Roche) or centrifuged to obtain plasma.

2.2 Optical microscopy

Tissue samples were placed in 10% buffered formalin overnight and processed for
hematoxylin and eosin (H&E) staining using standard procedures, previously described?®.

2.3 Transmission Electron Microscopy

BAT samples were fixed in 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.4) and post-fixed in 1% osmium tetroxide and 0.8% FeCNK in
phosphate buffer. After dehydration in a graded acetone series, tissue samples were
embedded in Spurr resin. Ultrathin sections were stained with uranyl acetate and lead
citrate and examined with a Jeol 1010 transmission electron microscope (lzasa Scientific,
Barcelona, Spain), as described previously®.

2.4 Glucose and palmitate oxidation

Interscapular BAT from one day old (P1) wild-type and GPR120-/- pups was
dissected. Two pieces of interscapular BAT were separated and weighted. Subsequently,
both pieces of tissue were placed in DMEM no glucose (Gibco) for 1 hour. In these
explants, **C-glucose and “C-palmitate oxidation (Perkin Elmer, NECO43X050UC and
NEC534050UC) was quantified by the assessment of 4CO, production from the
substrates added to the culture plate where BAT explants were incubated.

2.5 RNA extraction and quantitative PCR with reverse transcription

RNA from the tissue samples was extracted with the kit NucleoSpin® RNA
(Macherey-Nagel, Diren, Germany). Reverse transcription was performed, using
random hexamers primers (Applied Biosystems, Foster City, CA, USA) and 0.5 ug RNA in
a total reaction volume of 20 ul. For PCR, Tagman Gene Expression Assay probes were
used, with reaction mixtures containing 1 pul cDNA, 10 ul TagMan Universal PCR Master
Mix (Applied Biosystems), 250 nM probes and 900 nM of primers from the Assays-on-
Demand Gene Expression Assay Mix. The 18S rRNA was measured as the housekeeping
reference gene. The mRNA level of the gene of interest in each sample was normalized
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to that of the reference control using the comparative (2-ACT) method, according to the
manufacturer’s instructions. A transcript was considered to be non-detectable when
CT240. Supplementary table 1 shows the reference numbers for the TagMan probes
used during these studies.

2.6 Western blot and ELISA

Western blot analysis of tissue extracts was performed following standard
procedures, using primary anti-UCP1 (1:1000 Abcam, Cambridge, UK), and anti-GPR120
(1:150 sc-390752, Santa Cruz, USA). Loading controls were established using a-tubulin
immunoblots (T9026, Sigma-Aldrich) or Ponceau staining of membranes.
Immunoreactive proteins were detected using an ECL (enhanced chemiluminescence)
system (GE Healthcare). Signal intensities were quantified by scanning densitometry
(Multi Gauge V3.0, Fujifilm). Plasma FGF21 levels were quantified with ELISA
(RD291108200R, Biovendor).

2.7 Statistics

Results are expressed as mean * SEM. Statistical analyses were performed using
GraphPad Prism 6 (La Jolla, CA, USA). The statistical significance of differences was
assessed using unpaired Student’s t tests, one-way ANOVA with Tukey’s multiple
comparison test, or two-way ANOVA with Bonferroni post-testing, as appropriate.

3. Results

3.1 GPR120 expression in BAT is induced after birth, as a consequence of thermal
stress.

All animal experiments were performed in accordance with European Community
Council directive 86/609/EEC, as well as the number of animals to be used were
approved by the Institutional Animal Care and Use Committee at the University of
Barcelona based on the expected effects size. Developmental regulation of GPR120 gene
expression in mouse BAT, in comparison with known GPR120-expressing tissues
(intestine sections) and with a tissue minimally expressing GPR120 (liver)1® 1% 12 13, 14,15
is shown in figure 1la. In adults, the expression of the GPR120 transcript in BAT is
significantly higher than in any other GPR120-expressing tissue (such as the distinct
intestine sections), in accordance with previous data® . GPR120 mRNA expression was
low in fetal BAT but, after birth, GPR120 mRNA levels increased dramatically; just 6
hours post-partum, GPR120 mRNA levels were even much higher than those in adult
BAT. High levels of GPR120 mRNA expression in BAT were maintained during the first
days of life and declined progressively thereafter to reach adult levels. In the other
GPR120-expressing tissues, GPR120 expression was higher in adults than in neonates,
and GPR120 mRNA levels trended to follow a progressive increase throughout
development. Only GPR120 mRNA expression in colon showed early postnatal induction
of GPR120 gene expression, always to an extent much lower than that in BAT.
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Assessment of GPR120 protein levels confirmed these trends and indicated the highest
abundance of GPR120 in neonatal BAT (figure 1b).

Given that GPR120 is a lipid sensor, we tested whether the early postnatal induction
in the expression of this gene in BAT could be due to the initiation of suckling or to other
events associated with delivery-associated stress. For this purpose, mouse pups were
studied at four different conditions: just after birth but before initiating sucking (0h),
and 8 hours after birth being maintained with the mother (and confirmed to have
suckled) or having been separated from the mother before initiation of sucking and
maintained in non-feeding conditions either at 21°C or 37°C of environment
temperature. Results showed the induction in the expression of GPR120 mRNA in BAT
8h after delivery in feeding conditions, a behavior shared by other BAT thermogenesis-
related genes such as Ucpl and Fgf21 (figure 1c). The induction of GPR120 expression
occurred also in pups not allowed to suckle and maintained at 21°C, whereas it was
totally blunted in non-fed pups maintained at 37°C, the same temperature as in the
intrauterine environment. Again, the behavior of GPR120 gene expression under these
conditions was similar to that of thermogenesis-related genes Ucpl and Fgf21, and
revealed that, like those genes, the neonatal induction of GPR120 gene expression in
BAT is mostly elicited by the postnatal thermogenic stress rather than nutritional-
mediated events.

3.2 GPR120 deficiency increases neonatal mouse mortality, which is influenced by
the environment temperature.

Results above showing an intense regulation of the GPR120-coding gene in neonatal BAT
were suggestive of a role for GPR120 in neonatal thermogenic adaptations. To analyze
this, GPR120-null mouse neonates were studied. Male and female C57/BL6
heterozygous mice for GPR120 gene invalidation (Ffar4) were mated and females were
maintained at 21°C housing temperature during pregnancy and deliveries. At this
temperature, the mortality GPR120-null pups one day after birth was significantly high
relative to wild-type littermates, whereas GPR120-heterozygote pups showed
intermediate rates of mortality (Table 1). Increasing the environment temperature at
delivery by 4°C (25°C) suppressed the enhanced mortality of GPR120-null pups, which
became indistinguishable from the anecdotical mortality rates of wild-type pup
littermates. Wild-type and GPR120-null littermates maintained at 25°C were further
studied.

3.3 The neonatal augmentation of plasma FGF21 levels and FGF21 gene expression
in BAT are impaired in GPR120-null mice.

Wild-type mice and GPR120-null littermates were studied at E19, P0.25, P0O.5 and P1
stages of neonatal life. No significant differences were observed in total body weight or
BAT and liver tissue weights in GPR120-null pups compared with wild-type pups. Blood
glucose levels didn’t show either major differences according to the genotype, and only
24 h-old GPR120-deficient pups showed decreased blood glucose levels (table 2). The
postnatal induction of GPR120 mRNA in wild-type littermates of GPR120-null mice
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(C57/BL6 strain) occurred similarly to that was observed in Swiss mice (Figure 2a).
Previous reports showed that FGF21 plasma levels were increased during the first days
of life®, and we had previously found that GPR120-deficient adult mice show reduced
FGF21 circulating levels upon cold exposure®. Induction of FGF21 levels after birth is
considered a relevant adaptation to the neonatal period, contributing to BAT
thermogenesis®. We found that pups deficient for GPR120 show impaired postnatal
induction of plasma FGF21 levels at 12 and 24 hours of age (figure 2b). Neonatal FGF21
in blood is considered to have a main hepatic origin®, although it is known that adult BAT
expresses and releases significant amounts of FGF21 when thermogenesis is activated?’.
We found that Fgf21 mRNA expression is markedly induced in BAT in the first hours of
life, and such induction is strongly impaired in GPR120-deficient pups. The postnatal
increase in Fgf21 mRNA expression in liver was not affected by GPR120 gene invalidation
(figure 2c) nor the expression of several FGF21 target genes (Supplemental figure 1).

3.4 GPR120 is required for the adaptive thermogenic activation of BAT in the
neonatal period.

Heat production by BAT was determined using infrared thermography at the
interscapular site of mouse pups where the most prominent BAT depot is present. Data
indicated a significant reduction in BAT heat production in one day-old GPR120-null pups
in comparison with wild-type control neonates (figure 3c). The postnatal induction of
UCP1 mRNA gene expression and UCP1 protein was significantly reduced in BAT from
GPR120-null mice at distinct neonatal ages. In fact, the GPR120-null genotype
determined a statistically significant reduction of UCP1I mRNA (P<0.05) and UCP1
protein (P P<0.05) when distinctly aged neonates were analyzed as a whole, according
to two-way ANOVA factor analysis. The analysis of the oxidative activity of BAT explants
from one day-old pups revealed that GPR120-invalidation did not alter glucose oxidation
rate but resulted in a dramatic reduction of fatty acid oxidation activity (figure 3d).
However, no significant differences in the expression of adipogenic gene markers was
observed (figure 4). Also, neither optical nor electronic microscopy assessments of
cellular morphology at BAT revealed massive alterations due to GPR120 invalidation
(Supplemental figure 2).

4. Discussion

GPR120 is a fatty acid receptor that has proven to mediate thermogenic activation in
adipose tissues® 18 and 19 Begides this activation effects over thermogenesis, GPR120-
deficient animals have proven to be sensible to cold exposure®. Consistent with the
former detail, GPR120-deficient pups show a compromised mortality during the first
hours of life at 21°C housing temperatures. Here we show that thermal stress causes an
induction in the expression of GPR120 and that this induction is lost when animals are
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born at a temperature similar to that experienced at the mother’s womb. Alike to this,
the expression of other thermogenic markers showed similar behaviors not just
regarding temperature but also to the feeding status of the pups which seemed to have
mild effects over this induction, as observed for UCP1 in other studies™ ®. This suggests
that the induction in GPR120 in BAT upon delivery is due to the thermal challenge and
not to other events related with delivery-associated stress.

Previous reports from our laboratory have proven that the activation of GPR120
in vivo leads to increased circulating levels of FGF21 and FGF21 mRNA expression in the
adipose depots®. Likewise, diet supplementation with EPA, a well-known natural
occurring agonist of GPR120, results in increased in FGF21 expression in BAT?,
Consistent with this, and regarding GPR120 signaling, we have previously proven that
GPR120-deficient mice show decreased plasma FGF21 levels upon cold exposure®.
FGF21 was previously described to be markedly induced in the postnatal period. At first
day of life, feeding promotes FGF21 expression in liver and its release to the circulation
contributing to BAT thermogenesis®. However, liver is not the only tissue expressing
FGF21 and contributing to FGF21 plasma levels. Brown adipose tissue has also proven
to be an important producer and target of FGF21'’. Whilst, it has been linked to an
appropriate induction of thermogenesis in the adipose tissues upon cold exposure’ 21,
Observed in this study, FGF21 plasma levels were importantly induced since 6 hours of
life in wild-type animals. Nonetheless, this effect in FGF21 induction is not observed in
GPR120-null pups. While no differences were observed in the expression of Fgf21 gene
in liver, BAT showed an impairment in Fgf21 expression, especially during the first 12
hours after birth.

Several studies have found different components important for the development
and activation of the thermogenic machinery in the perinatal period (i.e. iodothyronine
5’-deiodinase activity, insulin-like growth factor-2 (IGF-2), interleukin-33 (IL-33)) > 2% 23,
On these bases, here we show a BAT-mediated regulation of FGF21 in neonates
intervened by GPR120. This regulation may show an effect over BAT thermogenic
activation. Although in this study we found no important differences in morphology in
BAT (i.e. lipid accumulation) or differential expression of OXPHOS proteins (data not
shown), we did found an important blunt in the induction of Ucpl mRNA and protein in
GPR120-null neonates. Consistent with this observations, we found that indirect
temperature estimation of BAT from animals deficient of the receptor showed
decreased temperatures. Likewise, despite no important differences in glucose
oxidation were reported, fatty acids oxidation seemed to be impaired in GPR120-
deficient pups, important energy substrates at this age. Other studies where FGF21
levels were decreased in newborns have also shown reduced expression in BAT
thermogenic machinery which were restored upon FGF21 administration to the
animals®. This suggests that the effects observed in GPR120-null mice could be explained
by the reduced expression of FGF21. In this study, the effects observed over UCP1 were
sufficient to compromise thermogenic adaptation in perinatal period. Together, these
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data suggest that the increased mortality under standard housing temperatures (21°C)
could be due to an inadequate thermogenic adaptation in GPR120-deficient pups. This
conclusion is also supported by the improvement in pup mortality by the increase in the
environmental temperature (25°C) where the pup deliveries took place.

5. Conclusion

The lipid sensor GPR120 has an important role in mediating neonatal thermogenic
adaptation. This role could be mediated through the regulation of FGF21 in BAT by this
receptor and thus having an impact in the induction of BAT thermogenic machinery
genes (i.e.UCP1) and fatty acid oxidation.

6. Highlights

6.1 GPR120 expression in BAT is enhanced in neonatal period.

6.2 GPR120 is necessary to achieve appropriate plasma FGF21 levels in the neonate.

6.3 The absence of GPR120 causes a decreased expression of UCP1 and heat
production during the first hours of life.

6.4 GPR120 deficiency causes an impaired FA oxidation in BAT.
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Figure 1. Developmental regulation of GPR120 gene expression. Swiss wild-type
animals were mated. Pup deliveries were monitored and sampled at day 19 of
embryonic age (E19), 6 hours (P0.25), 12 hours (P0.5), 24 hours (P1), 48 hours (P2), 7
days (P7), 14 days (P14), and 21 days (P21) after birth, and in 70-day-old (adult) mice.
Interscapular BAT (BAT), liver, duodenum, jejunum, ileum and colon tissues were
dissected. (a) Relative transcript levels of GPR120 (Ffar4) were quantified by real-time
PCR, n=4-6. (b) Representative GPR120 protein levels in BAT from P0.5 (Neonate) and
70-day-old (Adult) mice are depicted in the blot. (c) Swiss wild-type animals were mated.
On embryonic day 19 (Oh), caesarean sections were performed. Pups were kept for 8
hours at room temperature (21°C), either fed or fasted, or at 37°C. BAT mRNA expression
of UCP1, Fgf21 and GPR120 were quantified by real-time PCR, n=4-10. One-way ANOVA
analysis of variance was performed for differences during the different times after birth
(*P<0.05, **P<0.01 and ***P<0.001 compared with corresponding controls, E19 or Oh).
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Figure 2. Developmental regulation of FGF21 gene expression in GPR120-null mice.
C57/BL6 GPR120+/- mice were mated. Pup deliveries were monitored and sampled at
day 19 of embryonic age (E19), 6 hours (P0.25), 12 hours (P0.5) or 24 hours (P1). Blood
was collected and interscapular BAT (BAT) and liver were dissected. (a) Wild-type
animals’ gene expression of GPR120 (Ffar4) in BAT and liver were quantified by real-time
PCR, n=5-9. (b) Circulating levels of FGF21 in wild-type and GPR120-/- offspring were
measured by ELISA, n=4-6. (c) Fgf21 mRNA transcript was measured by qPCR in BAT and
liver from wild-type and GPR120 -/- perinatal mice, n=5-9. One-way ANOVA analysis of
variance was performed for differences over time for the same genotype during the
different times after birth. Two-way ANOVA was employed for determining differences
between genotypes (*P<0.05, **P<0.01 and ***P<0.001 compared with the
corresponding controls at E19; +P<0.05, ++P<0.01 for genotype differences).
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Figure 3. Effects of GPR120 gene invalidation in BAT thermogenic activation during the
perinatal period. C57/BL6 GPR120+/- mice were mated. Pup deliveries were monitored
and sampled at day 19 of embryonic age (E19), 6 hours (P0.25), 12 hours (P0.5) or 24
hours (P1). (a) Wild-type and GPR120 -/- animals’ interscapular BAT (BAT) was dissected
and gene expression of Ucp1, Ppargcla and Adrb3 was quantified by real-time PCR, n=5-
9. (b) UCP1 protein levels were determined by western-blot at the mentioned time-
points, quantified and corrected by a-tubulin (ATUB). (c) Representative thermographic
images (left) and surface temperature quantification of BAT-area back skin (right) of
one-day-old (P1) wild-type and GPR120-/- pups. (d) Quantification of *C-Glucose and
14C-Palmitate oxidation in BAT explants from 1-day-old pups, n=7-14. Two-way ANOVA
analysis was performed for determining differences in gene expression. Two-tailed
unpaired Student’s t-test was performed for differences in substrate oxidation (*P<0.05,
**P<0.01 and ***P<0.001 compared with corresponding controls at E19; +P<0.05 for
genotype differences).
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Figure 4. Effects of GPR120 gene invalidation in BAT metabolic gene expression during
the perinatal period. C57/BL6 GPR120+/- mice were mated. Pup deliveries were
monitored and sampled at day 19 of embryonic age (E19), 6 hours (P0.25), 12 hours
(P0O.5) or 24 hours (P1). Interscapular BAT (BAT) was dissected from wild-type and
GPR120 -/- mice and gene expression of adipogenic and lipogenic machinery markers
was determined by real-time PCR. Sic2a4, Leptin, Fasn, Lpl and Acadm mRNA
expressions are shown, n=5-9. Two-way ANOVA was performed for determining
differences in gene expression (*P<0.05, **P<0.01 and ***P<0.001 compared with
corresponding controls at E19; +P<0.05 for genotype differences).
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Supplementary figure 1. Effects of GPR120 gene invalidation in perinatal liver.
Expression of FGF21 target genes in liver from wild-type and GPR120-/- pups, n=5-9.
Two-way ANOVA was employed for determining genotype differences in gene
expression (*P<0.05, **P<0.01 and ***P<0.001 compared with corresponding controls
at E19; +P<0.05, +++P<0.001 for genotype differences).
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Supplementary figure 2. Effects of GPR120 gene invalidation in perinatal BAT
histology and cell morphology. Representative optical microscopy (scale bar: 125uM)
and transmission electron microscopy (scale bar: 10uM) images of interscapular BAT
from wild-type and GPR120-/- mice at ages P0.25, P0.5 and P1 are shown.
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Supplementary table 1. Tagman Probes (Applied
Biotechnologies)

Gene Reference

18S Hs99999901_s1
GPR120 (Ffar4) MmO00725193_m1
UCP1 MmO00494069_m1
Fgf21 Mm00840165_gl

Ppargcla Mm447183_m1l
Adrb3 Mm02601819 gl
Slc2a4 MmO00436615_m1
Leptin MmO00434759 m1
Fasn MmO00662319_m1
Lpl MmO00434764 _m1
Acadm MmO00431611 _m1
Hmgcs2 MmO00550050_m1
Slc2al Mm00441480_m1
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Lipopolysaccharide-binding protein is a negative regulator of
adipose tissue browning in mice and humans
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Abstract:

Aims/hypothesis: Adipocyte lipopolysaccharide-binding protein (LBP) biosynthesis is
associated with obesity-induced adipose tissue dysfunction. Our purpose was to study
the role of LBP in regulating the browning of adipose tissue.

Methods: Adult mice were maintained at 4°C for 3 weeks or treated with the B3-
adrenergic agonist, CL316,243, for 1 week to induce the browning of white fat. Precursor
cells from brown and white adipose tissues were cultured under differentiation-inducing
conditions to yield brown and beige/ brite adipocytes, respectively. In vitro, Lbp was
knocked down in 3T3-L1 adipocytes, and cells were treated with recombinant LBP or co-
cultured in transwells with control 3T3-L1 adipocytes. Wild-type and Lbp-null mice, fed
a standard or high fat diet (HFD) for 15 weeks, were also used in investigations. In
humans, subcutaneous and visceral adipose tissue samples were obtained from a cohort
of morbidly obese participants.

Results: The induction of white fat browning by exposure of mice to cold or CL316,243
treatment was strongly associated with decreased Lbp mRNA expression in white
adipose tissue. The acquisition of the beige/brite phenotype in cultured cells was
associated with downregulation of Lbp. Moreover, silencing of Lbp induced the
expression of brown fat-related genes in adipocytes, whereas LBP treatment reversed
this effect. Lbp-null mice exhibited the spontaneous induction of subcutaneous adipose
tissue browning, as evidenced by a remarkable increase in Ucpl and Dio2 gene
expression and the appearance of multivacuolar adipocyte clusters. The amount of
brown adipose tissue, and brown adipose tissue activity were also increased in Lbp-null
mice. These changes were associated with decreased weight gain in Lbp-null mice and
protection against HFD-induced inflammatory responses, as shown by reduced IL-6
levels. However, rather than improving glucose homeostasis, these effects led to glucose
intolerance and insulin resistance.

Conclusions/interpretation: LBP is identified as a negative regulator of the browning
process, which is likely to contribute to the obesity-promoting action of LBP. The
deleterious metabolic effects of LBP deletion are compatible with the concept that the
appropriate regulation of inflammatory pathways is necessary for a healthy systemic
metabolic profile, regardless of body weight regulation.
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Abstract

Aims/hypothesis Adipocyte lipopolysaccharide-binding
protein (LBP) biosynthesis is associated with obesity-induced
adipose tissue dysfunction. Our purpose was to study the role
of LBP in regulating the browning of adipose tissue.

Methods Adult mice were maintained at 4°C for 3 weeks or
treated with the 35-adrenergic agonist, CL316,243, for 1 week
to induce the browning of white fat. Precursor cells from
brown and white adipose tissues were cultured under
differentiation-inducing conditions to yield brown and beige/
brite adipocytes, respectively. In vitro, Lbp was knocked down
in 3T3-L1 adipocytes, and cells were treated with recombinant
LBP or co-cultured in transwells with control 3T3-L1
adipocytes. Wild-type and Lbp-null mice, fed a standard or
high fat diet (HFD) for 15 weeks, were also used in
investigations. In humans, subcutaneous and visceral adipose
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tissue samples were obtained from a cohort of morbidly obese
participants.

Results The induction of white fat browning by exposure of
mice to cold or CL316,243 treatment was strongly associated
with decreased Lbp mRNA expression in white adipose tissue.
The acquisition of the beige/brite phenotype in cultured cells
was associated with downregulation of Lbp. Moreover,
silencing of Lbp induced the expression of brown fat-related
genes in adipocytes, whereas LBP treatment reversed this
effect. Lbp-null mice exhibited the spontaneous induction of
subcutaneous adipose tissue browning, as evidenced by a
remarkable increase in Ucpl and Dio2 gene expression and
the appearance of multivacuolar adipocyte clusters. The
amount of brown adipose tissue, and brown adipose tissue
activity were also increased in Lbp-null mice. These changes
were associated with decreased weight gain in Lbp-null mice
and protection against HFD-induced inflammatory responses,
as shown by reduced IL-6 levels. However, rather than
improving glucose homeostasis, these effects led to glucose
intolerance and insulin resistance.

Conclusions/interpretation LBP is identified as a negative
regulator of the browning process, which is likely to
contribute to the obesity-promoting action of LBP. The
deleterious metabolic effects of LBP deletion are compatible
with the concept that the appropriate regulation of
inflammatory pathways is necessary for a healthy systemic
metabolic profile, regardless of body weight regulation.

Keywords Brown adipose tissue - Browning - High-fat diet -
Lipopolysaccharide-binding protein - Obesity

Abbreviations

BAT Brown adipose tissue

eWAT Epididymal white adipose tissue
HFD High fat diet
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iBAT Interscapular brown adipose tissue
ITT Insulin tolerance test

iWAT Inguinal white adipose tissue

LBP Lipopolysaccharide-binding protein
LPS Lipopolysaccharide

SAT Subcutaneous adipose tissue
shControl ~ Control small hairpin RNA

shLBP Small hairpin RNA-mediated LBP knockdown
shRNA Small hairpin RNA

UCP1 Uncoupling protein 1

VAT Visceral adipose tissue

WAT White adipose tissue

WT Wild-type

Introduction

Obesity is characterised by lipid accumulation in white
adipose tissue (WAT) as a consequence of a disturbed energy
balance due to increased food energy intake and/or lowered
energy expenditure. Importantly, it is associated with an
increased incidence of metabolic disorders, especially type 2
diabetes mellitus [1].

Brown adipose tissue (BAT) is characterised by the
presence of multivacuolar adipocytes with a thermogenic
capacity that reflects the natural uncoupling of their
mitochondria, as mediated by uncoupling protein 1 (UCP1).
BAT is the main site of adaptive energy expenditure in
response to cold and possibly to diet [2]. In experimental
models, enhanced BAT activity is associated with protection
against obesity, whereas impaired BAT activity favours an
obese phenotype. Moreover, BAT is a major site of lipid
breakdown and glucose uptake; therefore, BAT activation is
associated with improvements in hyperlipidaemia and
hyperglycaemia [3, 4]. In humans, it was previously thought
that BAT is only present in neonates. However, more recent
research has established that adult humans retain substantial
BAT activity [5, 6]. In addition to the presence of BAT at
defined anatomical locations, recent studies have attached
special relevance to the WAT browning process [7]. This
phenomenon consists of the appearance of functionally
thermogenic brown adipocyte-like cells (so-called beige or
brite adipocytes) in WAT depots. Several studies in mice have
indicated that the capacity to activate this process may protect
against diet-induced obesity and systemic metabolic
disturbances [8, 9], although the actual relevance of adipose
tissue browning to metabolism is still a matter of debate
[10, 11].

Lipopolysaccharide (LPS)-binding protein (LBP) is a type
I acute-phase reactant protein, thought to be mainly produced
by the liver [12]. LBP facilitates the binding of the lipid A
component of LPS to CD14 and toll-like receptor 4 (TLR4)
[13], thus modulating the immunostimulatory capacity of LPS
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in bacterial infections [14]. LBP is also present in adipose
tissues and high levels of LBP synthesis in white adipocytes
are associated with WAT dysfunction in obesity [15]. LBP
expression is associated with inflammatory markers and is
increased with metabolic deterioration and insulin resistance
in obese patients [16]. Here, we sought to establish the role of
LBP in the browning of WAT. We investigated the association
of Lbp expression with browning and studied alterations in
browning and metabolism in Lbp-null mice.

Methods

Exposure of mice to chronic cold and treatment with
CL316,243 The care and use of mice was carried out in
accordance with the European Community Council
Directive 86/609/EEC and approved by the Institutional
Animal Care Committee of the University of Barcelona.
C57BL/6 mice (Harlan Laboratories; Indianapolis, IN, USA)
were maintained under standard conditions (12 h light/12 h
dark cycle, 21+ 1°C). Where indicated, 3-month-old mice
were exposed to 4°C for 3 weeks, or 2-month-old mice re-
ceived daily i.p injections with 1 mg/kg CL316,243 for 8 days
(see electronic supplementary material [ESM] Methods; ex-
posure of mice to chronic cold, and treatment of mice with
CL316,243, for further details).

Adipocyte culture For primary adipocyte cultures, the
stromal—vascular fraction was isolated from the inguinal
WAT (iWAT) and interscapular BAT (iBAT) depots of 1-
month-old mice. Pre-adipocytes were induced to differentiate
into beige/brite and brown adipocytes, respectively, as
previously reported [17, 18]. Differentiated beige/brite and
brown adipocytes were treated with 0.5 pumol/l noradrenaline
(norepinephrine) for 6 h. Differentiation of 3T3-L1 fibroblasts
(ATCC; LGC Standards, Barcelona, Spain) was induced by
treatment with 0.86 wmol/l insulin, 0.5 umol/l dexamethasone
and 0.5 mmol/l 3-isobutyl-1-methylxanthine (IBMX) for
2 days, followed by 0.86 pumol/l insulin alone for 5 days.
See ESM Methods for further details.

LBP knockdown and co-culture experiments Stable
silencing of Lbp was achieved by transfecting 3T3-L1
fibroblasts with small hairpin (interfering) RNA (shRNA)
targeting mouse Lbp (shLBP)or control shRNA (shControl)
(Sigma Mission shRNA; Sigma-Aldrich, St Louis, MO, USA)
as previously reported [16], generating transfected cells de-
scribed in this paper as shRNA-mediated LBP knockdown
(shLBP) or control (shControl) cells, respectively. Where in-
dicated, shLBP adipocytes were incubated with 10 ng/ml LBP
(R&D Systems; Minneapolis, MN, USA) during differentia-
tion. Differentiated shLBP or shControl 3T3-L1 adipocytes
were placed on one side of a Transwell plate (VWR-
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International Eurolab, Barcelona, Spain) and co-cultured with
shLBP adipocytes on the other side. See ESM Methods for
further details.

Lbp-null mouse studies Lbp-knockout mice (C.129P2-
Lbptm1Jack/J, Balb strain background; obtained from The
Jackson Laboratory, Bar Harbor, ME, USA) were maintained
at 21 +1°C. Five-week-old male Lbp-null and wild-type (WT)
littermate mice were fed standard chow (CTRL) or a high fat
diet (HFD) for 15 weeks. For GTTs, 2.5 g glucose/kg was
administered i.p. to mice starved for 6 h. For insulin tolerance
tests (ITTs), 0.75 IU/kg insulin (Actrapid; Novo Nordisk,
Bagsvaerd, Denmark) was administered i.p. Plasma glucose
(Accutrend; Roche Diagnostics, Mannheim, Germany),
plasma insulin (BioVendor, Brno, Czech Republic);
adiponectin (Life Technologies, Foster City, CA, USA);
leptin, resistin and IL-6 (Millipore; Billerica, MA, USA);
NEFA and 3-hydroxybutyrate (Wako Chemicals; Neuss,
Germany); and triacylglycerols (Sigma-Aldrich) were
assessed. Samples of iBAT or iWAT (25-50 mg) were
incubated with 55.5 kBq/ml [U-'*C]p-glucose (Hartmann
Analytic, Braunschweig, Germany) for 3 h. Disintegrations
per minute (DPM) from '*CO, retained in a CO, trap and
['*C]tissue lipid extracts [19] were measured (Packard
Instrument Company, Meriden, CT, USA). See ESM
Methods for further details.

Human study Paired subcutaneous and visceral adipose
tissue (VAT) samples (n=38) from a cohort of morbidly obese
(BMI >35 kg/m?) participants were studied. These
participants were recruited, gave written informed consent,
and were validated and approved by the ethical committee at
the Hospital of Girona ‘Dr Josep Trueta’. Samples were
obtained from subcutaneous adipose tissue (SAT) and VAT
depots during elective surgical procedures. See ESM
Methods for further details.

RNA isolation, cDNA synthesis and real-time PCR Total
RNA was isolated (Macherey-Nagel, Diiren, Germany) from
BAT, iWAT, eWAT and liver samples from mice, and SAT and
VAT samples from humans and retrotranscribed using
TagMan Reverse Transcription Reagents (Life
Technologies). For the quantitative analysis of mRNA,
TagMan quantitative real-time PCR was performed on a
7500 Real-Time PCR System (Life Technologies) using the
specific primer pair/probe sets, as described in ESM Table 1.
See ESM Methods for further details.

Western blot assays Western blot analysis was performed on
BAT and iWAT samples following standard procedures, using
primary anti-UCP1 (1:1000; Abcam, Cambridge, UK) and
anti-f3-actin (1:5000; Sigma-Aldrich) antibodies. Both
antibodies were diluted in 1x PBS containing 0.1%
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Tween-20, as per manufacturer’s instructions. See ESM
Methods for further details.

Statistical methods Results are expressed as mean+SEM.
Statistical analyses were performed using GraphPad Prism 6
(LaJolla, CA, USA). The statistical significance of differences
was assessed using unpaired Student’s ¢ tests, one-way
ANOVA with Tukey’s multiple comparison test, or two-way
ANOVA with Bonferroni post-testing, as appropriate.

Results

Induction of browning in subcutaneous WAT is associated
with reduced Lbp expression We subjected mice to long-
term cold exposure (4°C for 3 weeks) and then examined
Lbp gene expression in adipose tissue depots. As expected,
cold exposure increased expression of the thermogenesis-
related genes Ucpl, Sirt3, Fgf21 and Ppargcla in
subcutaneous WAT (i.e. iWAT; Fig. 1d-h); it also induced
the browning process, indicated by the appearance of large
amounts of multilocular adipocytes (Fig. 1a,b). These changes
were associated with a marked reduction in Lbp expression
(Fig. 1c). Lbp expression in visceral WAT (i.e. epididymal
WAT [eWATT), a WAT site less prone to browning, was also
decreased in mice exposed to chronic cold, albeit to lesser
extent (ESM Fig. 1a). In contrast, chronic cold exposure did
not modify Lbp expression in iBAT (ESM Fig. 1h), even
though we observed significant induction of thermogenesis-
related genes in this tissue (ESM Fig. li-—n).

Chronic treatment of mice with the 33-adrenergic agonist
CL316,243 (a model of induction of browning in iWAT and
eWAT [20]), triggered the appearance of multilocular
adipocytes (Fig. 11, m), induced thermogenesis-related gene
expression (Fig. lo—v) and strongly repressed Lbp gene
expression (Fig. 1n) in iWAT and eWAT (ESM Fig. 2a-i).
Although iBAT also showed signs of activation following
CL316,243 treatment (e.g. the induction of Dio2 and
Bmp8b), Lbp expression was not significantly altered in
this tissue (ESM Fig. 2l-r). Overall, our results suggest that
the downregulation of LBP is more strongly associated with
WAT browning than with the induction of thermogenesis in
iBAT.

Lbp expression is involved in the repression of browning in
adipocytes In order to determine whether the inverse
relationship between Lbp expression and browning is a cell-
autonomous phenomenon, we used rosiglitazone-induced
browning (i.e. acquisition of the beige/brite phenotype) in
precursor cells obtained from iWAT [17, 21]. Incubation of
iWAT precursor cells with rosiglitazone during differentiation
induced the expression of several marker genes for browning
(Fig. 2b—f), and repressed Lbp expression (Fig. 2a), without
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Fig. 1 Cold and (;-adrenergic

induction of iWAT browning is oyl
associated with reduced Lbp Dl ey e
expression. (a, b) Micrographs Srig et S P el Ky
(magnification x 20) of iWAT : 7
from (a) control mice or (b) mice
maintained at 4°C for 3 weeks

(chronic cold). (e—k) Transcript
levels of (¢) Lbp, (d) Ucpl,

(e) Prdml6, (f) Fgf21,

(g) Ppargcla, (h) Sirt3,

(i) Sic2a4, (j) Pparg and

(k) Adipog from control mice
(white bars) or mice maintained at
4°C for 3 weeks (black bars).

(1, m) Micrographs
(magnification x 20) of iWAT
from (1) control mice or (m) mice
injected daily with 1 mg/kg

Control
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affecting the expression of the general adipogenesis-related
genes Sic2a4 (also known as Glut4), Adiponectin (Adipoq)
and Pparg (Fig. 2g—i). These data confirm that negative
regulation of LBP expression is associated with the adipocyte
browning. Moreover, treatment of differentiated beige/brite
adipocytes with noradrenaline repressed Lbp and induced
Ucpl gene expression (ESM Fig. 3a,b); however,
noradrenaline did not modify Lbp expression in brown
adipocytes (ESM Fig. 3c).

To investigate whether LBP has a direct role in the
browning process, we studied the effects of shRNA-
mediated LBP knockdown in 3T3-L1 adipocytes. After 7 days
of differentiation, ShLBP exhibited increased mRNA levels of
several thermogenesis-related genes, including Ucpl,
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Ppargcla and Sirt3 (Fig. 2k—o). Treatment of shLBP cells
with recombinant LBP rescued the induction of Ucpl
mRNA expression induced by loss of Lbp (Fig. 2s).
Moreover, shLBP adipocytes subjected to transwell
co-culture with control adipocytes showed lower levels of
Ucpl mRNA expression compared with those co-cultured
with shLBP cells (Fig. 2t). Overall, these data suggest that
the downregulation of Lbp represses browning in a
cell-autonomous manner.

Lbp-null mice exhibit reduced body weight gain
accompanied by an induction of the browning process in
iWAT To study the role of LBP in vivo, Lbp-null mice and
WT littermate controls were fed standard chow (CTRL) or an
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Fig. 2 Lbp and the expression of browning-related genes are inversely
regulated in a cell-autonomous manner. (a—i) Transcript levels of (a) Lbp,
(b) Uepl, (¢) Prdmlé, (d) Fgf21, (e) Ppargcla, (f) Sirt3, (g) Slc2a4,
(h) Pparg and (i) Adipog, in WAT-derived primary white adipocytes
(white bars) or rosiglitazone-induced beige/brite adipocytes (black bars).
(j—r) Transcript levels of (j) Lbp, (k) Ucpl, (1) Prdmi6, (m) Fgf21,
(n) Ppargcla, (o) Sirt3, (p) Slc2a4, (q) Pparg and (r) Adipoq in
3T3-L1 adipocytes transfected with a control sShARNA (shControl; white
bars) or an shRNA targeting LBP (black bars). (s) Transcript levels of

HFD for 15 weeks. At the start of the experiment (5-week-old
mice), body weight was similar between WT and Lbp-null
mice. The body weight of WT mice increased to 144% of
the initial weight under standard feeding conditions and to
162% when fed an HFD (Fig. 3a,b). When fed a standard
(CTRL) diet, the increase in body weight was significantly
lower in Lbp-null mice (135%) than in WT mice on the same
diet. On an HFD, the body weight of Lbp-null mice increased
to only 145% of their initial weight; this increase was not
significantly different from the body weight increase in
Lbp-null mice on a standard diet. Lbp-null mice did not show
significant changes in food intake relative to WT mice under
standard diet (105+4% kJ/day in Lbp-null vs WT) or HFD
(112+8% kJ/day in Lbp-null vs WT) conditions. Oxygen
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Ucpl in control 3T3-L1 adipocytes (white bars) or LBP-knockdown
adipocytes untreated (black bar) or treated (grey bar) with 10 ng/ml
LBP. (t) Transcript levels of Ucp! in LBP-knockdown 3T3-L1 adipocytes
co-cultured with LBP-knockdown (white bar) or control 3T3-L1
adipocytes (black bar). mRNA levels are normalised to 18S rRNA levels.
Data are presented as mean+ SEM of 4-7 independent samples per
group. *p<0.05, ¥*p<0.01 and ***p< 0.001 vs control p< 0.05 for
treated vs non-treated LBP-knockdown)

consumption was not significantly different among the
different experimental groups (Fig. 3c).

The RQ was significantly decreased in WT mice fed HFD
(Fig. 3d). In Lbp-null mice, RQ did not change significantly in
response to an HFD, indicating a somewhat altered metabolic
flexibility to adapt to HFD as a consequence of Lbp
invalidation.

Lbp-null mice showed no statistically significant alterations
in blood glucose levels (Fig. 3¢), whereas Lbp-null mice had
higher plasma triacyclglycerol levels when maintained on an
HFD diet (Fig. 3f). Insulinaemia was strongly increased in
Lbp-null mice relative to WT mice on an HFD (Fig. 3g).
There were no differences in plasma NEFA, 3-hydroxybutyrate,
leptin, adiponectin or resistin levels between WT and Lbp-null
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Fig. 3 Lbp-null mice have
diminished body weight gain,
with impaired glucose
homeostasis. (a) Time course of
mouse body weight, (b) final
body weight gain, (¢) oxygen
consumption and (d) RQ.

(e—h) Plasma levels of

(e) glucose, (f) triacylglycerols,
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mice under CTRL or HFD conditions (ESM Table 2). Of the
proinflammatory factors, HFD strongly induced circulating
IL-6 levels in WT mice; this effect was totally ablated in
Lbp-null mice (Fig. 3h). Consistent with the Balb genetic
background of these mice, HFD did not affect glucose tolerance
or the insulin response of WT mice, as determined by GTTs and
ITTs (Fig. 3i,j) [22]. However, Lbp-null mice exhibited marked
glucose intolerance and reduced insulin sensitivity on both a
standard diet and HFD.

Under both standard diet and HFD conditions, Lbp-null
mice showed a marked induction of the browning phenotype
markers Ucpl and Dio2 in iWAT (Fig. 4a,b). Other marker
genes, including Prdml16, Fgf21 and Ppargcla (Fig. 4c—e),
showed a similar trend that did not reach statistical
significance between groups, although multifactorial

60

202

15 30

Time (min)

45 60

ANOVA analysis revealed a significant increase in Fgf21/
(»=0.03) for the Lbp-null factor. iWAT depots showed
clusters of multivacuolar adipocytes (with beige/brite
morphology) in Lbp-null mice, consistent with the gene
expression data (Fig. 4j—m). Expression of genes involved in
overall adipogenesis (Pparg, Leptin [Lep], and Adipoq) did
not change (Fig. 4g—i), whereas multifactorial ANOVA
analysis revealed a significant increase in Slc2a4 (p=0.04)
for the Lbp-null factor. The amount of UCP1 protein per
iWAT depot was higher in Lbp-null mice than in WT mice
under both standard diet and HFD conditions (Fig 4p). Under
conditions that promoted the highest browning, the amount of
UCP1 protein in iWAT was around 8% of the levels observed
in iBAT. Explants of iWAT from Lbp-null mice had an
increased rate of glucose oxidation (Fig. 4q), but no change
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Fig. 4 Lbp-null mice exhibit
induction of iWAT browning.
(a—i, n, 0) Transcript levels of
(a) Uepl, (b) Dio2, (¢) Prdml6,
(d) Fgr21, (e) Ppargcla,

(f) Slc2a4, (g) Pparg, (h) Lep,

(i) Adipog, (n) 1I6 and (0) Tnfa in
iWAT from WT (white bars) and
Lbp-null (black bars) mice fed a
standard diet (CTRL) or an HFD
for 15 weeks. (j-m) Micrographs
(magnification x 20) of iWAT
sections. (p) UCP1 protein per
iWAT depot. (q) Glucose
oxidation and (r) glucose
incorporation into lipids in iWAT
explants from WT (white bars)
and Lbp-null (black bars) mice.
mRNA levels are normalised to
18S rRNA levels. Data are
presented as mean = SEM of 4-6
independent samples per group.
*p<0.05, **p<0.01 and

**%p < 0.001, WT vs Lop-null
mice; Tp<0.05, CTRL vs HFD.
DPM, disintegrations per minute
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in the incorporation of glucose into lipids (Fig. 4r). This result
indicates that oxidative pathways are enhanced in iWAT from
Lbp-null mice, which is consistent with the molecular and
morphological signs of browning in iWAT.

No evidence of significant browning due to Lbp gene
ablation was detected in eWAT under any feeding condition,
whether determined by gene expression analysis (with the
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exception of Dio2; ESM Fig. 4) or microscopic examination
(data not shown).

iBAT in Lbp-null mice iBAT weight tended to be higher in
Lbp-null mice relative to controls (Fig. 5a) and total iBAT
protein content was significantly higher in Lbp-null mice
(Fig. 5b), indicating functional hypertrophy of iBAT in
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response to the lack of LBP. Consistent with this, the local
temperature in the iBAT region was higher in Lbp-null mice
than in WT mice, at least under standard diet conditions
(Fig. 5c¢).

Total UCP1 per iBAT depot was increased in Lbp-null mice
(Fig. Se,f), although relative Ucp! transcript levels were not
significantly altered (Fig. 5d). This scenario is consistent with
a long-term BAT recruitment process [23]. Transcript levels
for other thermogenesis-related genes showed no major
changes due to LBP ablation, except for a significant
induction of Dio2 in the HFD group (Fig. Sg—k).

Hepatic alterations in Lbp-null mice Liver size and hepatic
triacylglycerol content were unaltered in Lbp-null mice
(data not shown). Expression of genes encoding
gluconeogenesis-related enzymes (G6pase and Pepck) tended
to be lower in Lbp-null mice (ESM Fig. 5a,b). The hepatic
expression of Srebp, a master regulator of lipid synthesis, as
well as Fas, Scdl and Acaca, was significantly reduced in
Lbp-null mice under CTRL conditions (ESM Fig. 5¢—f). 1l6
gene expression was undetectable under CTRL conditions in
both WT and Lbp-null mice, but was strongly induced under
HFD. This induction was impaired in Lbp-null mice, a profile
that paralleled circulating IL-6 levels (ESM Fig. 51).

LBP expression negatively correlates with the expression
of browning marker genes in human subcutaneous
adipose tissue We analysed the expression of LBP and
browning marker genes in SAT and VAT biopsies from

morbidly obese patients. Anthropometrical and clinical
variables included age (48.3+9.1 years), BMI
(43.8+6.9 kg/m?), percentage fat mass (56.1+10.1%),
fasting glucose (5.33+0.67 mmol/l) and M value
(23.5+13.3 pumol kg™' min~'). We found significant
negative correlations between LBP transcript levels and the
levels of transcripts for the browning marker genes UCPI,
PRDM16, PPARGCIA and TMEM26 (the latter being a
putative marker of beige/brite adipocytes [24]) in SAT
(Table 1). No such correlation was found between LBP
expression and general markers of WAT such as PLINI, LEP
or DGATI. In VAT, LBP mRNA levels negatively correlated
with TMEM26 mRNA levels and positively correlated with
LEP mRNA levels (Table 1).

Table 1 Bivariate

correlations between Gene SAT VAT

LBP gene expression and

the expression of PRDM16 —0.32% —0.21

browning marker genes PPARGCI1A —0.51%* -0.28

in SAT and VAT from UCPI —035* ~0.08

obese individuals

(n=38) TMEM?26 —0.33* —0.49%*
PLINI -0.06 -0.22
LEP 0.21 0.55%**
DGATI 0.22 0.27

Data are Spearman’s r coefficients
*p<0.05, **p<0.01 and ***p <0.001
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Discussion

In addition to its immunostimulatory functions [14], LBP has
been identified as an adipokine associated with obesity-
induced metabolic and proinflammatory disorders [15, 16].
The promotion of BAT activity and, especially, of WAT
browning are active research areas that hold promise for
strategies aimed at protecting against obesity and associated
metabolic abnormalities (e.g. hyperglycaemia and
hyperlipidaemia) [24, 25]. Here, we report that both cold
exposure and chronic treatment with a (33-adrenergic agonist
(two validated models for inducing WAT browning [20, 26])
were associated with dramatic decreases in Lbp gene
expression in iWAT. This phenomenon occurred in a
cell-autonomous manner: Lbp expression was strongly
repressed in cultures of adipocytes induced to acquire a
beige/brite phenotype. Moreover, silencing of Lbp expression
in adipocytes enhanced the expression of browning marker
genes, whereas LBP treatment reversed this effect. As LBP
is secreted by adipocytes, these data suggest that LBP may
negatively regulate browning, apparently in an autocrine
manner.

We observed that Lbp-null mice were protected against
body weight increases, which is consistent with the
relationship observed between obesity and Lbp expression in
the adipose tissues of human patients and mouse models [15].
In rodents, the thermogenic activity in BAT accounts for a
significant proportion of whole body energy expenditure
[27]; therefore, the observed activation of BAT in Lbp-null
mice may be involved in reducing weight gain. Moreover,
although the estimated total thermogenic capacity of
‘browned” WAT is much lower than that of BAT [23],
browning of WAT is proposed to be relevant to protection
against HFD-induced obesity [8, 9]. Our results indicate that
a lack of LBP in mice strongly enhances the browning of
WAT, thus indicating that the in vitro function of LBP as
negative regulator of browning also occurs in vivo. These
findings support the concept that LBP, possibly acting in an
autocrine manner, negatively regulates the browning process.
The negative correlation between Lbp expression and marker
genes of browning in human adipose samples is consistent
with this scenario. The signs of BAT activation in mice lacking
LBP appear to contrast with the minor association of BAT
activation with Lbp downregulation in iBAT. It is possible that
the effects of LBP deficiency on body weight in mice occur
through alterations in Lbp expression in other tissues (e.g.
nervous system) that indirectly contribute to regulation of
BAT activity, and that the cell-autonomous effects of LBP
deficiency are minor in the context of the whole animal.
Furthermore, the lack of an overt increase in oxygen
consumption (despite activated BAT and WAT browning)
and unchanged food intake in Lbp-null mice could be due to
changes in these variables that are too small to be measurable
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but have long-term consequences on body weight. In any
case, these observations warrant further research to determine
whether impaired absorption of food might be different in
Lbp-null mice than in WT mice, given evidence for a role
for LBP in gut biology [28]. In summary, the Lbp-null model
supports a role for LBP in the browning process, but the
pleiotropic phenotype in these mice (see below) precludes
definitive conclusions on the impact of browning induction
on whole-body energy balance.

The obesity resistance, promotion of browning and
increased BAT activity observed in Lbp-null mice were
accompanied by glucose intolerance and insulin insensitivity.
Although seemingly unexpected, these findings can be
viewed in relation to our current understanding that complex
relationships exist between inflammatory pathways (Lbp-null
mice also showed a decrease in systemic and local
inflammatory markers, such as IL-6) and metabolic
regulation. Numerous studies have demonstrated a positive
association between serum LBP concentration and obesity-
associated metabolic disturbances, including insulin
resistance, in humans [29-33]. However, a discrepancy
between circulating concentrations of innate immune system
proteins in obese patients and the metabolic phenotype of the
corresponding knockout mice has also been reported for
lipocalin-2 [34, 35] and IL-6 [4, 36]. Other mouse models
with loss of function of proinflammatory factors leading to
impaired inflammation, such as the dominant-negative Tnfa
transgenic mouse [37] and Fsp27-deficient mice [38],
show reduced inflammation in adipose tissue associated with
weight loss, but also insulin resistance. In fact, mice lacking
LPS-binding capacity due to Cd/4 knockout show reduced
proinflammatory responses to LPS, but with significantly
impaired glucose tolerance [39]. Thus, although current
concepts tend to support the hypothesis that adipose tissue
expansion in obesity is associated with local inflammation,
which contributes to insulin resistance, recent research
indicates that a certain degree of inflammatory response is
essential for healthy adipose tissue expansion [37]. Our
findings suggest the possibility that total impairment of the
LPS signalling pathway limits an appropriate inflammatory
response, abolishing the improvement in glucose tolerance
that might be expected as a consequence of protection against
obesity.

In conclusion, LBP appears to be a negative regulator of
WAT browning and possibly of BAT activation. This action of
LBP may be relevant to its role in favouring obesity and fat
accretion. However, a total lack of LBP, even if protective
against obesity, does not result in a systemic healthy
phenotype. The complexities of homeostatic vs deleterious
roles of inflammatory pathways in metabolic regulation are
highlighted in the mouse model of Lbp gene ablation.
Fine-tuning LBP levels should be considered a part of any
prospective use of this factor in promoting healthy metabolism.
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ESM Methods

Exposure of mice to chronic cold

The care and use of mice was in accordance with the European Community Council
Directive 86/609/EEC and all experimental procedures were approved by the
Institutional Animal Care and Use Committee of the University of Barcelona. Three-
month-old C57BL/6 mice, obtained from Harlan Laboratories (Indianapolis, IN, USA),
were maintained under standard conditions of light (12-hour light/12-hour dark cycle)
and temperature (21+1°C) (Control) or at 4°C (Chronic cold) for 3 weeks. Mice were
killed by decapitation, and tissues were removed, weighed, immediately frozen in liquid
nitrogen, and stored at -80°C until processing. A portion of each tissue was fixed with
4% formalin for 24 h and then stored in 70% ethanol at 4°C until paraffin infiltration was
performed. Paraffin-embedded tissues were sectioned, mounted on glass slides,
stained with hematoxylin-eosin, and photographed under a light microscope (20x

magnification).

Treatment of mice with CL 316,243

The care and use of mice was in accordance with the European Community Council
Directive 86/609/EEC and all experimental procedures were approved by the
Institutional Animal Care and Use Committee of the University of Barcelona. Two-
month-old C57BL/6 mice, obtained from Harlan Laboratories (Indianapolis, IN, USA),
were maintained under standard conditions of light (12-hour light/12-hour dark cycle)
and temperature (21£1°C). Mice were injected daily with 1 mg/kg CL 316,243 (Bs-
adrenergic receptor agonist) during 8 days. Mice were killed by decapitation, and

tissues were removed, weighed, immediately frozen in liquid nitrogen, and stored at -
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80°C until processing. A portion of each tissue was fixed with 4% formalin for 24 h and
then stored in 70% ethanol at 4°C until paraffin infiltration was performed. Paraffin-
embedded tissues were sectioned, mounted on glass slides, stained with hematoxylin-

eosin, and photographed under a light microscope (20x magnification).

Adipocyte cultures

For primary adipocyte cultures, the stromal-vascular fraction was isolated from the
inguinal WAT (iWAT) and interscapular BAT (iBAT) depots of one-month-old mice, and
pre-adipocytes were cultured as previously reported [1, 2]. Once preadipocytes
reached confluence, differentiation was induced by maintaining cells with DMEM/F-12
medium supplemented with 10% NCS (Gibco Life Technologies, Foster City, CA,
USA), 0.86 pmols/I insulin, 33 nmols/I dexamethasone, 1 pg/ml transferrin, and 2 ng/ml
T3 (Sigma-Aldrich, St. Louis, MO, USA) for 1 week. Where indicated, 10 pmols/I
rosiglitazone was included in differentiation medium. Brown adipocyte differentiation
was achieved by exposing confluent precursor cells from iBAT in DMEM/F12 medium
containing 10% FBS and supplemented with 20 nmols/I insulin, 2 nmols/| T3 and 0.1
mmols/I ascorbic acid (ITA), as previously reported. Where indicated, beige and brown

adipocytes were treated with 0.5 pmols/l noradrenaline during 6 h.

Embryonic mouse fibroblast 3T3-L1 cells (ATCC; LGC Standards, Barcelona, Spain)
were maintained in a humidified atmosphere of 5% CO2 at 37°C in DMEM containing
20 mmol/l glucose, 10% FBS, 100 U/ml penicillin, and 100 pg/ml streptomycin. Two
days after cells reached confluence, 0.86 umols/l insulin, 0.5 pmol/l dexamethasone
and 0.5 mmol/l IBMX were added for 2 days, followed by 0.86 umols/I insulin alone for

5 days.
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LBP knockdown and co-culture experiments

The small (interfering) hairpin RNA (shRNA)-mediated knockdown protocol has been
described previously [3]. Briefly, five plasmids containing mouse Lbp-targeting shRNA
(Sigma-Aldrich Mission RNA shRNA) were cloned into pLKO.1-puro shRNA vector.
LBP knockdown was achieved by stably expressing shRNA against LBP in 3T3-L1
fibroblasts. Cells stably transfected with a non-targeting shRNA plasmid were used as
a control. Where indicated, shLBP adipocytes were incubated with 10 ng/ml LBP during

differentiation.

Coculture was performed using shLBP and shControl 3T3-L1 adipocytes during all the
differentiation process in Transwell® plates (VWR International Eurolab S.L., Barcelona,
Spain). The experiment was compared with a coculture of shLBP adipocytes at both

sides of the transwell.

LBP-null mouse studies

LBP-knockout mice (C.129P2-Lbptm1Jack/J, Balb strain background), obtained from
The Jackson Laboratory (Bar Harbor, ME, USA) were maintained under standard
conditions of light (12-hour light/12-hour dark cycle) and temperature (21£1°C). Five-
week-old male LBP-null and wild-type (WT) littermate control mice were fed a standard
chow diet (CTRL) or HFD for 15 weeks. Body weight increases and energy intake were
calculated by weighing animals and food every 3-4 days, assuming that the energy
density of a standard diet and HFD are 13 and 19.8 kJ/g, respectively. The volume of
consumed oxygen (VO2) and produced carbon dioxide (VCO2), as well as respiratory
quotient were determined (Harvard Apparatus). Skin temperature at the site of
interscapular BAT was recorded using a high-sensitivity thermal imaging camera

(FLIR® T335) following previously established procedures [4].
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For glucose tolerance tests, glucose in aqueous solution was administered
intraperitoneally (2.5 g glucose/kg) to 6 hour-starved mice, and glycaemia in blood
obtained from the tail was measured 15, 30, 45, 60, 90, 120 and 150 minutes after
glucose injection. For insulin tolerance tests, insulin (Actrapid; Novo Nordisk Pharma
A/S, Bagsvaerd, Denmark) in saline solution was administered intraperitoneally (0.75
Ul/kg) to mice, and glycaemia in blood obtained from the tail was measured 15, 30, 45

and 60 minutes after glucose injection.

After killing mice by decapitation, blood was collected in heparinized tubes for
preparation of plasma, and subcutaneous (inguinal depot) and visceral (epididymal
depot) WAT, interscapular BAT and liver were removed, weighed, immediately frozen

in liquid nitrogen, and stored at -80°C until processing.

Plasma glucose was determined using an Accutrend system (Roche Diagnostics
GmbH, Mannheim, Germany). Commercially available kits were used to assess plasma
insulin  (RSHAKRINO31R; BioVendor R&D, Brno, Czech Republic); adiponectin
(KMPO0O041; Life Technologies); leptin, resistin and IL-6 (MADKMAG-71K Milliplex;
Millipore, Billerica, MA, USA); NEFA (434-91795, 436-91995; Wako Chemicals GmbH,
Neuss, Germany); 3-hydroxybutyrate (417-73501, 413-73601; Wako); and triglycerides

(TRO100; Sigma-Aldrich).

For glucose oxidation assay, interscapular BAT, inguinal WAT (iWAT) and epididymal
WAT depots were obtained from wild-type and LBP-null mice (as described above) and
100-150 mg tissue fragments were incubated with DMEM (without D-glucose)
supplemented with 3 mmols/l D-glucose and 55.5 kBg/ml [*C(U)]-D-glucose
(Hartmann Analytic GmbH, Braunschweig, Germany) for 3 h at 37°C in a 5% (v/v) CO,
atmosphere. Labeled '*CO, was then released from the medium by acidification with 3
mols/l HCIO, and retained in a CO, trap consisting of Whatman 3MM Chr paper

(Whatman, GE Healthcare, Little Chalfont, UK) impregnated with B-phenylethylamine
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(Sigma) and positioned over the wells inside the sealed plates. After 1 h, CO, traps
were placed in scintillation vials containing 4 ml of scintillation fluid, and the samples
were counted using a Packard 2100TR TriCarb Liquid Scintillation Counter (Packard
Instrument Company Inc., Meriden, CT). Decays per minute were normalized to tissue
fragment weight. For [**C(U)]-D-glucose incorporation to lipids assay, lipids were
extracted from tissue fragments used in glucose oxidation assay using Folch’s
chloroform:methanol method [5]. Choloform phase containing labeled lipids was
evaporated in scintillation vials and dessecated lipids were dissolved with 10 ml of
scintillation fluid and counted using a Packard 2100TR TriCarb Liquid Scintillation

Counter. Decays per minute were normalized to tissue fragment weight.

Human study

Paired subcutaneous and visceral adipose tissue samples (n = 38) from a cohort of
morbidly obese (BMI > 35 kg/m?) subjects were studied. Anthropometrical and clinical
parameters of these patients include age (48.29+9.1 years), BMI (43.8+£6.9 kg/m2),
percent fat mass (56.1+10.1 %), fasting glucose (96.03+12.01 mg/dL) and M-value
(23.5+13.3 umol kg" min”). These subjects were recruited at the Endocrinology
Service of the Hospital of Girona “Dr Josep Trueta”. All subjects were of Caucasian
origin with no systemic disease other than obesity. All subjects gave written informed
consent, validated and approved by the ethical committee of the Hospital of Girona “Dr
Josep Trueta”, after the purpose of the study was explained to them. Adipose tissue
samples were obtained from SAT and VAT depots during elective surgical procedures
(cholecystectomy, surgery of abdominal hernia, and gastric by-pass surgery),

immediately frozen in liquid nitrogen, and stored at -80°C until processing.

RNA isolation, cDNA synthesis, and real-time PCR
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Dissected tissues (BAT, iIWAT, eWAT and liver from mice, and SAT and VAT from
humans) were homogenized using an IKA T25 digital ULTRA-TURRAX homogenizer
(Staufen, Germany). Total RNA from homogenized tissues and cultured cells was
isolated using a column affinity-based method (NucleoSpin RNA II; Macherey-Nagel,
Diren, Germany). Total RNA (500 ng) was transcribed into cDNA using TagMan
Reverse Transcription Reagents (Applied Biosystems/Life Technologies, Foster City,
CA, USA). For quantitative analysis of mRNA expression, TagMan quantitative real-
time polymerase chain reaction (QPCR) was performed on a 7500 Real-Time PCR
System (Applied Biosystems) using the specific primer pair/probe sets described in
ESM Table 1. Relative mRNA levels of target genes were normalized with respect to
that of 18S rRNA in mice and PPIA in humans, using the comparative (2-ACT) method.
Transcript levels were considered undetectable in cases where the CT value was >40

under our experimental conditions.

Western blot analysis

Dissected tissues (BAT and iWAT) were homogenized using an IKA T25 digital
ULTRA-TURRAX homogenizer in lysis buffer (50 mmoils/I Tris-HCI pH 7.4, 150 mmols/I
NaCl, 1.5 mmols/l MgCl,, 1 mmols/I EDTA, 1 mmols/I EGTA, 40 mmols/l (-
glycerophosphate, 2 mmols/l NazVO,4, 1 mmols/I| PMSF, 1 mmols/l| DTT) containing
complete protease inhibitor cocktail (Roche Applied Science). Lysates were centrifuged
at 1,500 x g for 5 minutes at 4°C to remove intact cells, and protein content was
quantified using the Bradford method. For Western blotting, proteins (40 ug) were
resolved by SDS-PAGE and transferred to a PVDF membrane (Immobilon; Millipore).
Membranes were exposed to primary 1/1000 anti-UCP1 (ab10983, Abcam Plc,
Cambridge, UK) and 1/5000 anti-B-actin (A5441, Sigma-Aldrich) antibodies, diluted in

1x PBS containing 0.1% Tween-20, following the recommendations of the
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manufacturer. Signals were detected using enhanced chemiluminescence HRP
substrate (Millipore) and analyzed with a Luminescent Image Analyzer LAS-3000
(Fujifilm Life Science, Tokyo, Japan). Signal intensities were quantified using Multi

Gauge software (Fuijifilm).

Statistical methods

All results are expressed as means + SEM. Statistical analyses were performed using
Prism 6 software (GraphPad Software Inc., La Jolla, CA, USA) Differences were tested
for statistical significance using unpaired t-test, one-way analysis of variance (ANOVA)
with Tukey’s Multiple Comparison Test, or two-way ANOVA with Bonferroni post-test,

as appropriate.
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ESM Table 1. Specific probe sets of TagMan Gene Expression Assays (Applied Biosystems)

used to perform the quantitative real-time polymerase chain reactions (QPCR).

Gene Product number

Mice
Acaca (Acetyl-CoA carboxylase 1) MmO01304257_m1
Acadm (Medium-chain acyl-CoA dehydrogenase) MmO00431611_m1
Adipog (Adiponectin) MmO00456425_m1
Bmp8b (Bone morphogenetic protein 8b) MmO00432115_g1
Dio2 (Deiodinase 2) MmO00515664 _m1
Fasn (Fatty acid synthase) Mm00662319_m1
Fgf21 (Fibroblast growth factor 21) MmO00840165_g1
G6pc3 (Glucose-6-phosphatase) MmO00616234_m1
Hmgcs2 (3-hydroxy-3-methylglutaryl-CoA synthase 2) MmO00550050_m1
116 (Interleukine 6) MmO00446191_m1
Lbp (Lipopolysaccharide binding protein) MmO00493139_m1
Lep (Leptin) MmO00434759 m1
Pckl (Phosphoenolpyruvate kinase 1) Mm00440636_m1
Pparg (Peroxisome proliferator-activated receptor gamma) Mm00440945_m1
Ppargcla (Peroxisome proliferative activated receptor, gamma, coactivator 1 alpha) MmO00447183_m1
Prdm16 (PR domain containing 16) MmO00712556_m1
Scdl (Stearoyl-CoA desaturase 1) MmO01197142_m1
Sirt3 (Sirtuin 3) Mm00452131_m1
Slc2a4 (Glucose transporter type 4) Mm00436615_m1
Srebfl (Sterol regulatory element-binding protein) MmO00550338_m1
Tnf (Tumor necrosis factor a) Mm00443258_m1
Ucpl (Uncoupling protein 1) MmO00494069 m1

Humans
LBP (Lipopolysaccharide binding protein) Hs01084628_m1
PRDM16 (PR domain containing 16) Hs00922674_m1
PPARGC1A (Peroxisome proliferative activated receptor, gamma, coactivator 1 alpha) Hs01016719_m1
UCP1 (Uncoupling protein 1) Hs00222453 _m1
TMEM26 (Transmembrane protein 26) Hs00415619_m1
PLINZ1 (Perilipin 1) Hs00160173_m1
LEP (Leptin) Hs00174877_m1
DGAT1 (Diacylglycerol O-acyltransferase 1) Hs01017541_m1
18S rRNA (Eukaryotic 18S rRNA) Hs99999901_s1
PPIA (Peptidylprolyl isomerase A [Cyclophilin A]) Hs99999904 m1
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ESM Figure 1
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ESM Fig. 1 Expression of Lbp and thermogenesis-related genes in visceral
WAT and BAT. Transcript levels of Lbp (a) and the thermogenesis-related
genes Ucp1 (e), Dio2 (e), Prdm16 (e), Bmp8b (e), Fgf21 (e) and Pgc-1a (e)
in visceral WAT (epididymal depot, e WAT) from WT mice maintained at 22°C
(white bars) or 4°C (black bars) for 3 weeks. Transcript levels of Lbp(h), Ucp1
(i), Dio2 (j), Prdm16 (k), Bmp8b (I), Fgf21 (m) and Pgc-1«a (n) in interscapular
BAT (iBAT) from WT mice maintained at 22°C (white bars) or 4°C (black
bars) for 3 weeks. mRNA levels are normalised to 18S rRNA. Data are
means + SEM of 6 independent samples per group (*P < 0.05, **P < 0.01
and ***P < 0.001).
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ESM Table 2. Plasma metabolic profile of wild-type (WT) and LBP-null mice

maintained with control or high fat diet during 15 weeks. Data shown are means + SEM

of 4-6 independent samples per group.  represents statistically significant changes

between control and high fat diet.

NEFA (mg/dl)

3-hydroxybutyrate (uM)

Leptin (pg/ml)

Adiponectin (ng/ml)

Resistin (pg/ml)
MCP-1 (pg/ml)
PAI-1 (pg/ml)

Control diet

High fat diet

WT Lbp-null WT Lbp-null
424+16 345+13 26.3+2.0° 32.1+1.9
252.4 +28.8 240.6+12.3 383.4+42.38 404.1+43.5
693.5+231.7 875.3+193.6 720.2+149.8  1415.1+501.0
258+1.3 243+14 228+13 258+15
945.0 + 265.1 1070.3 £ 65.2 1017.8+94.1  1199.8 +167.1
6.2+4.0 ND 22+14 46+4.6
1678.6 £545.4  1627.5+536.6 2046.3+356.7  1371.8+478.6
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ESM Figure 2
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ESM Fig. 2 Effects of Bs;-adrenergic stimulation on visceral WAT and BAT. Micrographs of visceral
WAT (eWAT) from control mice (a) or mice daily injected with 1 mg/kg CL316,243 for 8 days (b).
Transcript levels of Lbp (¢), Ucp1 (d), Dio2 (e), Prdm16 (f), Bmp8b (g), Fgrf21 (h) and Pgc-1a (i) in
eWAT from control mice (white bars) or mice daily injected with 1 mg/kg CL316,243 for 8 days (black
bars). Micrographs of interscapular BAT (iBAT) from control mice (j) or mice daily injected with 1
mg/kg CL316,243 for 8 days (k). Transcript levels of Lbp (1), Ucp1 (m), Dio2 (n), Prdm16 (o), Bmp8b
(p), Fgrf21 (q) and Pgc-1a (r) in iBAT from control mice (white bars) or mice daily injected with 1 mg/kg
CL316,243 for 8 days (black bars). mRNA levels are normalised to 18S rRNA. Data are means + SEM
of 6 independent samples per group (*P < 0.05, **P <0.01, and ***P < 0.001).
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ESM Figure 3
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ESM Fig. 3 Effects of noradrenaline on Lbp and Ucp1 gene expression in beige
or brown adipocytes. Transcript levels of Lbp (a) and Ucp1 (b) in control (white
bars) or beige adipocytes treated with 0.5 pumols/l noradrenaline during 6h (black
bars). Transcript levels of Lbp (c) and Ucp1 (d) in control brown adipocytes (white
bars) or brown adipocytes treated with 0.5 pmols/l noradrenaline during 6h. mRNA

levels are normalised to 18S rRNA. Data are means + SEM of 6 independent
samples per group (*P < 0.05 and **P < 0.01).
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ESM Figure 4
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ESM Fig. 4 Gene expression in visceral WAT from Lbp-null mice. Transcript levels of
thermogenesis-related genes Ucp1 (a), Dio2 (b), Prdm16 (c), Fgf21 (d) and Pgc-1a (e);
adipogenesis-related genes Ppar-y (f), Glut4 (g), Leptin (h) and Adiponectin (i); and
inflammatory markers //-6 (j) and Tnf-a (k) in visceral WAT (epididymal depot, e WAT)
from WT (white bars) and Lbp-null (black bars) mice after 15 weeks on a standard chow
diet (CTRL) or HFD. mRNA levels are normalised to 18S rRNA. Data are means + SEM
of 4-6 independent samples per group (*P < 0.05 and **P < 0.01, WT vs. Lbp-null mice;
TP < 0.05 and t1P < 0.01, CTRL vs. HFD).
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ESM Figure 5
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ESM Fig. 5 Hepatic gene expression in Lbp-null mice. Transcript levels of the
gluconeogenesis pathway-related genes G6pase (a) and Pepck (b); the fatty acid
synthesis pathway-related genes Srebp (c), Fas (d), Scd (e) and Acc-«a (f); the fatty acid
oxidation-related gene Mcad (g); the ketogenesis-related gene Hmgcs2 (h); and the
inflammatory gene //-6 (i) in liver from WT (white bars) and Lbp-null (black bars) mice
after 15 weeks on a standard chow diet (CTRL) or HFD. mRNA levels are normalised to
18S rRNA. Data are means + SEM of 4-6 independent samples per group (*P < 0.05
and **P < 0.01, WT vs. LBP-null mice; 1P < 0.01, CTRL vs. HFD). ND, not detectable.
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SUMMARY RESULTS AND
DISCUSSION






Summary results and discussion

Humanity is found submerged in a health crisis worldwide. This crisis is
characterized by a cumulus of metabolic abnormalities that are found indistinctively in
the world population. Unfortunately, these disturbances start to be present in young
individuals which compromises their development and wellness. With this in mind,
scientific research has oriented efforts in understanding the mechanisms in the
development of those pathologies related to obesity and metabolic syndrome. The main
tissue acknowledged for the storage of the excess of energy that characterizes the
development of these abnormalities is the adipose tissue. This tissue has been found
not to be only an energy reservoir, on the contrary it is now well known that the fat
depots have a great variety of roles and functions for the achievement of homeostasis

and integration of responses to demanding stimuli (i.e. cold exposure).

Adipose tissue is highly sensitive organ for the metabolic status of an organism.
Thus, its physiology during the different stages of life is important for an adequate
metabolic performance. To accomplish this role, AT needs to be able to sense the
incoming signals from other tissues in the organism. These signals not only include
hormones, they also comprise the great variety of energy substrates and metabolic
intermediates that are found in circulation and cellular matrix. Recently, the largest class
of membrane proteins in the human genome, the GPCRs, is being subject of attention
due to the deorphanization of several of its members. These members have been found
to be activated by circulating metabolites and other signals. GPCRs mediate an
important number of physiological responses to hormones, neurotransmitters,
environmental stimulants, and, recently considered, energetic metabolites. Whilst,
metabolites have a dual role in the coordination of metabolism. They are a source of
energy able to modulate metabolism at the stage of electron transport, for example,
while they are able activate certain nuclear receptors and also membrane receptors

which helps them act like hormonal molecules (Blad et al., 2012).

225



In this sense, the expression of those membrane receptors able to detect
extracellular and circulating levels of energy metabolites are proposed be important for
AT. These molecules and their receptors have proven to trigger responses inside the
adipocyte and other cell-types characteristic of the AT. Also, they are able to modify the
biochemistry of the different cell populations thus contributing to the establishment of
a metabolic profile in an individual. For this reason, metabolite sensing GPCRs have been
intensively studied in health and during the development of certain pathologies. The
work on this receptors have proposed some of them as potential therapeutic targets for
the treatment of obesity and associated metabolic alterations. In this context, the
observations made during this work helped us elucidate the role of one of these
receptors on AT, GPR120, and its possible contribution to an improvement in the overall

metabolic performance.

At the beginning of this project, as mentioned earlier, few information regarding
possible roles of this receptor in brown adipose tissue and thermogenesis were known.
In the past four years, increasing information on this receptor, regarding BAT activity
and WAT browning, has been emerging. This knowledge has been emerging in parallel
with the development of new synthetic agonists for GPR120 to be used as therapeutic
molecules for the treatment of metabolic diseases. GPR120 is a lipid sensor, initially
described to be activated by n-3 PUFAs (Hirasawa et al., 2005; Milligan et al., 2017).
These type of lipids have been profoundly studied since they possess a great variety of
beneficial effects regarding inflammation and amelioration of the metabolic conditions
(Novak, 2009). On these basis, and in an attempt to elucidate a bit more on its role on
adipose tissues, several research groups around the world, including ours, have been
exploring the possible roles of GPR120 in the activation on the AT. As for this
dissertation, here | describe the information that was obtained through the

experimental work performed.
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GPR120 is a distinctive receptor of the brown adipose tissue and important for

brown adipocyte biology and function.

As described earlier, BAT thermogenic activation and WAT browning have been
the subject of attention due to the increased demand of energy they imply. Moreover,
consistent data has been found on the association between active BAT and beige
adipose tissue recruitment with a healthy metabolic status. In the presence of extra
weight or obesity, fat activation could lead to a decrease in fat depots’ size and
contributing to an amelioration of the metabolic conditions. New techniques for the
study of messenger RNA dynamics allow us to identify differential expression of several
genes upon a given stimulus, one of these techniques is the whole transcriptome
shotgun sequencing (WTSS) or RNA-sequencing (RNA-seq) (Wang et al., 2009). Following
this idea, an RNA-seq analysis was performed on BAT samples from mice at
thermoneutrality (30°C) and at 4°C during 24 hours. This approach helped identify those
genes significantly induced or decreased in expression upon activation of BAT. Out of
this analysis, a list of around 3,500 genes differentially regulated was obtained, 2,498 of
these genes showed to be up-regulated. A validation of the results was necessary so a
comparison between different data bases and well-known up-regulated genes was
performed. Hence, it was decided to check for unreported genes that were also among
the top-induced genes. Due to their relevance as therapeutic targets, a GPCR called our
attention, GPR120. G protein-coupled receptors (GPCRs) are the largest protein
superfamily in mammalian genomes (Doze and Perez, 2013; Venkatakrishnan et al.,
2013). They are the most physiologically important membrane protein family due to
their role as key specific targets for a variety of physiological functions and therapeutic
approaches. (Lagerstrom and Schioth, 2008; O'Connor and Adams, 2012; Tang et al.,
2012). Therefore GPR120 appeared to be as possible metabolic regulator for adipose
tissue and subsequent experiments focused on understanding its role on BAT

thermogenesis and WAT browning.

227



In order to asses GPR120 importance and expression in BAT, the patterns of
expression of GPR120 in different tissues were characterized. The results of this analysis
showed that the adipose depots, especially BAT, were the tissues to mainly express
GPR120. Then, we proceeded to confirm the induction of its expression on both, BAT
and WAT, during different timings of cold exposure. Our results show that acute and
chronic exposure to cold caused an increase in GPR120 expression in adipose depots,
and this was also observed by Rosell and co-workers (2014). Concerning adipocyte
biology, we quantified the expression of the receptor in the SVF obtained from
interscapular BAT and from differentiated adipocytes. It was evident that the
differentiated adipocytes showed increased expression of the receptor. Also, an
approach determining the expression levels during the differentiation process in vitro
showed a parallel induction with differentiation as observed for Ucpl mRNA, the main
thermogenic marker for brown adipocytes. On the other side, assays of GPR120-
nullification resulted in a compromised adipogenesis, explained latter. In addition to
these in vitro observations, the treatment of differentiated adipocytes with
norepinephrine, a B-adrenergic agonist, and cyclic-AMP caused an increase in GPR120
expression. This induction was blunted when the adipocytes were pretreated with
SB202190, a p38 MAPK inhibitor. Both observations, under differentiation and upon
adrenergic stimulation, in the induction of GPR120 were later confirmed by Schilperoort

and co-workers (2018).

Altogether, these findings suggested a putative role of this fatty acid receptor in
adipocyte biology and noradrenergic stimulation (which mimics the effects of cold
exposure). Besides this, at beginning of this project, it was known that the R270H variant
for the gene coding for FFAR4 (GPR120) in the human genome caused a decreased
signaling of the receptor upon activation and it correlated with an increased risk of
obesity in European populations (Ichimura et al., 2012), correlation that was reproduced
in the rodent models. Hence, we hypothesized that the receptor could play a major role
in energy homeostasis modulation by the AT and so we directed the following

experiments to understand the effects of its activation.
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GPR120 activation induces the expression of thermogenic machinery in BAT and

WAT.

Once it was suggested that GPR120 plays a major role in adipocyte biology, we
decided to test the effects of GPR120 activation on the adipose tissues. For this, we
supplemented chow diet of adult C57/BI6 mice with the available synthetic agonist for
GPR120, GW9508, during seven days. Our first results showed no significant differences
in the circulating levels of metabolites nor in total body weight or specific tissue weights.
However, it is important to mention that this experiment was performed in healthy adult
mice under a chow diet and not in diet induced obesity like other researchers have done.
These other studies performed under diet induced obesity and administering natural or
synthetic agonists for GPR120 did found significant decreases in body or AT weights
upon the agonist administration (Oh et al., 2014; Kim et al., 2016; Pahlavani et al., 2016;
Schilperoort et al., 2018). Even when no important effects on adiposity nor circulating
metabolites were detected, two hormones showed important modifications. While
insulin plasma levels showed a reduction after 7 days of diet supplementation
(previously observed with other GPR120 agonists, Oh et al., 2014), the star result that
oriented the subsequent analysis of this project was a marked induction in FGF21 plasma

levels.

FGF21 is an endocrine factor which has been described as a metabolic regulator
contributing to glucose homeostasis, insulin sensitivity and ketogenesis while it is also
linked to thermogenic activation of the adipose tissues (Badman et al., 2007; Gdlman et
al., 2008; Fischer et al., 2012). It was mentioned in the introduction of this dissertation
that the main site of production and secretion of FGF21 is liver; however the factor is
also importantly regulated by BAT (affecting its expression and release) (Hondares et al.,
2010). Thus, we decided to measure the expression of FGF21 in these tissues.
Surprisingly, GW9508 administration did not affect FGF21 expression in liver.
Conversely, the adipose depots, specially brown and inguinal white, showed an

induction in the expression of this factor. Even though, none other experiments have
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reported this effect in FGF21 induction in the presence of a GPR120 synthetic agonist, a
similar effect was achieved by Pahlavani and co-workers (2016). In her assay, she
administered HFD alone or supplemented with EPA, a natural occurring agonist of
GPR120. The results on EPA supplementation, during DIO in mice resulted in an
increased expression of FGF21 in BAT but none results are shown for circulating levels
in these animals. Extended discussion on these results will be held in the next pages.
Given that FGF21 has been proposed as an important batokine able to induce
thermogenesis (Hondares et al., 2010; Fischer et al., 2012) in the adipose depots, we
decided to measure the possible effects of its expression over the thermogenic

activation in AT.

Our first in vivo results on GPR120 activation effects, upon GW9508 feeding, over
the AT showed an induction in the expression of thermogenic machinery genes (i.e.
Ucpl, PGC-1a, and Bmp8b) and an increase in Ucp1l protein expression in both, BAT and
inguinal WAT. These results were consistent with smaller adipocytes and visible
browning observed in optical microscopy images from haematoxylin and eosin (H&E)
stained tissues (BAT and iWAT). Epipidymal WAT also showed a tendency to achieve this
activation, however less pronounced. Albeit the induction of the thermogenic
machinery seemed conclusive, it is known that GW9508 is not a selective agonist for
GPR120, it can also activate GPR40. We decided to check if the effects over FGF21
expression and the thermogenic activation were indeed mediated by GPR120. A second
diet-supplemented experiment was performed. This time, animals deficient of the gene
FFAR4 (coding for GPR120) and wild-type controls were used. In this experiment, we
first decided to measure oxygen consumption in these animals. The results indicated
that GW9508 diet supplementation caused an increase in oxygen consumption under
basal conditions and upon noradrenergic stimuli compared to their wild-type controls.
However, GPR120-deficient animals showed a decreased respiration under a non-
supplemented diet and after diet supplementation. In addition, the increase in
respiration upon GW9508 supplementation or CL316, 243 (a B3-adrenergic activator)
injection was significantly lower in the knock-out animals. A similar result on oxygen

consumption in GPR120-deficient animals was further obtained by Schilperoort et al
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(2018) on observations made during a high-fat diet induced obesity and the
supplementation of TUG-891, another GPR120 agonist. Since oxygen consumption in
the GW9508-fed animals gave a good prognostic of our experiment, the effects over
FGF21 were checked. FGF21 plasma levels of wild-type animals fed with GW9508-
supplemented diet were also increased in this second assay, however no induction was
observed in the GPR120 knock-out animals. Moreover, the effects in the induction of
FGF21 mRNA expression by GW9508 in the adipose depots was blunted in the absence
of GPR120. This led to conclude that the induction in the expression of FGF21 in the
adipose depots and in plasma levels were mediated by GPR120 activation. After
determining the effects of the loss-of-function of GPR120 over FGF21 regulation, the
effects over the adipose tissues were assessed. BAT seemed slightly affected by the
genotype. No important differences were detected but a tendency to accumulate fat
and a decrease in the induction of some thermogenic markers was observed.
Conversely, WAT browning observed upon GW9508 administration was importantly
impaired in the GPR120-KO animals. The induction in the thermogenic machinery genes
was lost and Ucp1 protein expression was decreased in WAT. In addition, the microscopy
images from the H&E stained tissues showed no browning acquisition in the knockout
iIWAT from the animals supplemented with GW9508. So, these results conducted a
hypothesis of GPR120 being important for the thermogenic activation of the tissues.
Hence, it was decided to test what would occur in GPR120-deficient animals under a
condition where thermogenesis and browning was crucial for homeostasis

maintenance.

GPR120 is necessary for an appropriate activation of thermogenesis and browning of

WAT.

Cold exposure is a classic experiment for studying the activation of the
thermogenic machinery of the adipose depots (Cannon and Nedeergard, 2004). After
determining that GPR120 may be necessary for an appropriate induction of

thermogenesis through mechanisms not involving noradrenergic stimulus, it resulted
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interesting to test how the deficiency of the receptor would affect noradrenergic
stimulated thermogenesis. Adult animals, wild-type or deficient of GPR120, were
maintained at room temperature or at 4°C during 7 days. The first relevant observation
was acquired after 24 when 20% of the knock-out animals experienced hypothermia and
had to be put back to room temperature conditions (21°C). Indirect thermographic
images of the eye, to measure body temperature, helped us identify a decrease in the
core temperature in the knockout animals under an acute cold exposure. However, at
the end of the experiment, the knock-out animals recovered the decrease in
temperature (while still a showing a tendency to stay below the wild-types, but
unsignificant). Interestingly, the GPR120-deficient animals showed decreased FGF21
plasma levels. Considering the adipose tissues, BAT expression of FGF21 seemed
unaltered while iWAT expression showed a tendency to be reduced. Regarding the
thermogenic machinery, GPR120-deficient BAT reflected minor differences in
thermogenic machinery genes’ expression. Yet, BAT from knockout animals showed a
tendency to have increased lipid accumulation (as observed from H&E-stained tissues)
and anincreased expression of leptin. On the other hand, inguinal WAT did show marked
impairment on thermogenesis, some thermogenic markers genes expressions (i.e. Ucp1,
Bmp8b) were reduced and this was consistent with a decreased multilocularity and
increased cell size in iIWAT depots from knock-out animals. These led to think that

GPR120 deficiency caused an impairment in thermogenesis activation and browning.

To date, no other results on noradrenergic stimulation of GPR120 knock-out
animals have been reported. However, an interesting experiment regarding
thermogenic activation of BAT can be found in the literature. Kim and co-workers (2016)
performed an experiment where animals were fed a low-fat diet or three different types
of HFD; the first one containing 15% of palm oil; the second one 15% of olive oil; and the
third contained 15% of fish oil (well-known for the high EPA content, GPR120 natural
occurring agonist). All diets were administered for 12 weeks. At the end of the
experiment, these animals were put in cold for 45 minutes. Interestingly, diets with palm
and olive oil showed reduced BAT temperatures compared to low fat diet. However, the

diet supplemented with fish oil caused an increased BAT temperature under this acute
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cold stimulation (as assessed by thermographic camera images and rectal
temperatures). These results were consistent with a decreased AT tissue weight in fish-
oil supplemented animals and increased expression of thermogenic markers (Ucpl,
Prdm16 and Cidea) and Ucpl protein compared to control low-fat diet. These effects
were not observed in the case of palm and olive oil diets. These results could be
explained with some data presented by other research group which suggested that
different models of obesity in rodents caused a decrease in GPR120 expression in
adipose depots (BAT, iWAT and eWAT from mice and rats) (Satapati et al., 2017).
However a greater elucidation on the effects of different diet-compositions on GPR120-
mediated effects of HFD is necessary, especially regarding the induction of thermogenic
markers that are observed under some types of HFDs (Pahlavani et al., 2016; Villarroya

etal., 2014).

GPR120 activation induces brown and beige adipocyte differentiation and

thermogenic activation

In order to clarify cell-autonomous effects of the activation of GPR120, primary
cultures were performed. The SVF from interscapular BAT, inguinal WAT and epididymal
WAT was obtained from wild-type animals. In the case of BAT precursors they were
maintained in the conventional media (insulin, T3 and ascorbic acid) or in the presence
of a GPR120 agonist (GW9508, EPA or ALA). On the other hand, white precursors were
maintained under basal media, the conventional differentiation cocktails (+/-
rosiglitazone) or just GPR120 agonists. The results show that the treatment of adipocyte
precursors with GPR120 agonists trigger brown and beige adipocyte differentiation
(marked by increased expression of thermogenic markers such as Ucpl or PGC-1a). In
addition, these cells showed increased temperatures and respiration. When comparing
the effects of rosiglitazone, a PPARy agonist known to induce adipogenic differentiation,
and GPR120 agonists, it is important to note that the agonists caused a similar and even
stronger induction of browning, as evidenced by the up-regulation of the beige marker

genes (Ucpl, PGC-1a) and a down-regulation of leptin. Most general adipogenic genes
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were unaltered. These effects of GPR120 agonists, natural and synthetic (i.e. EPA and
TUG-891), on adipocyte differentiation were further reproduced by other laboratories.
These experiments showed adipocyte differentiation in the presence of these agonists
and increased expression of thermogenic markers (i.e. Ucpl) (Fleckenstein-Elsen et al.,
2016; Kim et al., 2016). Furthermore, and consistent with what was observed in vivo,
adipogenesis in the presence of GPR120 agonists caused an induction in FGF21 mRNA

expression and release to the culture media.

Then, the question was whether these effects on inducing thermogenic
machinery could also be achieved acutely in already differentiated brown/beige
adipocytes. To test this, differentiated adipocytes were treated with natural and
synthetic agonists. GW9508, TUG-891, grifolic acid (another GPR120 agonist), EPA and
ALA (n-3 PUFAs expected to act as GPR120 agonists) were administered during 24 hours
to the cell cultures. Results showed that both types of adipocytes increased the
expression of thermogenic markers upon GPR120 activation by the distinct agonists.
This induction was consistent with an increased temperature (as assessed by
thermographic images of the cultures) and an increase in glucose oxidation in those cells
treated with GPR120 agonists. In addition, 24 hours of treatment in these cells was
sufficient to trigger FGF21 mRNA expression and release. Similar results upon acute
treatments with GPR120 agonists were observed later by other study groups where EPA
prove to increase the expression of thermogenic markers (i.e. Ucp1, Prdm16 and Cidea)
while increasing respiration and mitochondrial content (Kim et al., 2016; Pahlavani et
al., 2016). Also, studies in the presence of GW9508 and TUG-891 showed to cause an
increase in respiration, Ucpl expression and Ca?-mediated mitochondrial
depolarization and fission in adipocytes (Kim et al., 2016; Schilperoort et al., 2018). In
the case of natural occurring agonists, Pahlavani et al (2016) reported that the treatment
of human adipocytes with EPA resulted in increased expression of thermogenic markers

and an increase in mitochondrial content.
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Given these results, and considering that n-3 fatty acids are also able to activate
GPR40, cell-autonomous effects of GPR120 activation were analyzed on GPR120-null

precursors and adipocytes.

n-3 induction of FGF21 occurs via GPR120.

GPR120-deficient cells were employed to confirm that the cell-autonomous
effects upon agonist administration were due to GPR120 activation. Primary cultures of
BAT and iWAT obtained from GPR120-deficient mice were performed. The first
outstanding observation was that GPR120-null precursor cells failed to achieve a proper
differentiation. This result has been recently confirmed by Schilperoort and
collaborators (2018) in brown precursors and by Gotoh’s group in white precursors
(2007). The cultures of GPR120-null cells showed decreased expression of thermogenic
machinery and, upon GPR120 activation, they failed to induce FGF21 mRNA expression
and release. Since these cells did not achieve a proper differentiation, two separate
assays were perform to confirm these results. The first one consisted in pre-treating the
cells with AH7614, a GPR120 antagonist, before adding GW9508 or EPA. This experiment
showed that the antagonist caused a reduction in the expression of FGF21 mRNA and
its release from the adipocytes. This effect was blunted in the case of EPA-mediated
FGF21 induction upon GPR120 activation. The second one consisted in knocking-down
GPR120 expression (siGPR120) in differentiated brown adipocytes which allowed us to
determine the effects of GPR120 signaling impairment in adipocytes when already
differentiated. This assay evidenced an impaired induction of FGF21 upon agonist
administration to the cultures in GPR120-knockdown cells, while also a decrease in the
effects over the induction of thermogenic markers. Kim and co-workers (2016)
reproduced this effect of loss-of-function in an assay where GPR120 knock-down cells
were treated with EPA. While control cells also reported an induction on thermogenic
markers (i.e. Ucp1, Cidea), GPR120-knockdown cells showed no induction upon EPA

treatment.
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GPR120 signal transduction in the adipocyte-specific responses.

As depicted in the introduction of this dissertation, GPCR signaling has become a
complicated field. We know from the literature that GPR120 is able to act through
Gaqg/11 in enteroendocrine cells and adipocytes, Gai in enteroendocrine cells and B-
arrestins in macrophages. All of these mechanisms of action have been revealed in the
presence of different GPR120 agonists. Surprisingly, taking as an example PUFAs, natural
agonists for GPR120, it is observed that the activation of the receptor is different
depending on the tissue and the agonist. In this work, there were examined the effects
upon GPR120 activation on FGF21 and thermogenesis regulation in AT. What was found
in these results was that the activation of GPR120 caused phosphorylation of p38-MAPK
and ERK1/2. Both kinases have been related to FGF21 regulation and activity. p38 MAPK
has been reported to be activated upon noradrenergic stimuli leading to an increased
transcription of several genes such as FGF21 in brown adipocytes (Hondares et al.,
2011). To confirm the direct effects of GPR120 activation over FGF21 expression, an
experiment transfecting differentiated brown adipocytes with the plasmid -1497-
FGF21-Lu containing the 5 region of the mouse FGF21 gene linked to the luciferase
reporter gene was assessed. Both GPR120 agonists, GW9508 and EPA, significantly
induced the activity of the transfected FGF21 promoter. This effect was not observed in
the presence of a transfected construct missing p38 MAPK-responsive site nor with a
transfected dominant negative p38 MAPK-dependent activation vector (MKK6-K82A).
This result was subsequently confirmed with an in vitro assay where brown adipocytes
were pre-treated with SB202190, a p38 MAPK inhibitor, before the administration of
GW9508 or EPA. The kinase inhibitor caused a reduction in FGF21 expression in
adipocytes. In relation to ERK1/2, the other kinase reported to be phosphorylated upon
GPR120 activation with GW9508 or EPA, the pretreatment of the cells with U-0126, an
ERK1/2 inhibitor, caused the reduction in FGF21 mRNA expression in brown adipocytes.
ERK1/2 has been described as part of the signaling pathway upon FGF21 treatment and
is considered the main kinase responsible for the intracellular responses to FGF21
(Ogawa et al., 2007).These findings suggest that GPR120-induced FGF21 expression in

brown adipocytes is different to FGF21 regulation in liver. While hepatic induction of
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FGF21 is mediated by PPARa (Purushotham et al., 2009), induction of FGF21 in BAT
involves the activation of p38 MAPK. Likewise, ERK1/2 phosphorylation may induce a
positive feedback loop in response to the whole GPR120 mechanism of activation in the
brown/beige adipocyte. Thus, contributing to FGF21 expression and its intracellular
effects. FGF21 is also able to activate FGFR1, the main FGF receptor in the adipose
tissues. FGFR1 results, out of several other responses, in the phosphorylation of CREB.
It is known that one target of CREB phosphorylation is PGC-1a (Ventura-Clapier et al.,
2008). We did not observe a phosphorylation of CREB in our experiments, however we
did observe an increase in PGC-1a expression. This induction of PGC-1a may be induced
by other signal transduction pathway upon GPR120 activation, such as p38 MAPK. PGC-
la induction is key due to its role on metabolic regulation and mitochondrial biogenesis

in AT (Aubert et al., 2013).

As for other reports on the signal transduction pathway mediated by GPR120
activation in brown adipocytes, Kim and co-workers (2016) observed an increase in
intracellular levels of cAMP, a second messenger identified for Gqs. However, this
increase in intracellular cAMP upon the activation of GPR120 was not observed by
Schilperoort and co-workers (2018). While no results on thermogenic machinery effects
upon the inhibition of ERK1/2 or other kinases were shown, the former group showed
results suggesting that the increase in respiration is mediated via Gqq/11 effects over
intracellular Ca%*. This increase in calcium would provoke mitochondria depolarization
and fission while increasing respiration without altering cAMP intracellular levels. (Hou
et al., 2017; Schilperoort et al., 2018). Effects of the Gq family on brown differentiation
and thermogenic activation remain to be controversial due to results found by Klepac
and co-workers (2016). This group employed a Gag-null (GNAQ) animal model and in
vitro assays. They observed that Gqg signaling is a crucial inhibitor of adipocyte
differentiation through activation of Rho/ROCK signaling cascade, a major regulator of
brown adipocyte differentiation (Klepac et al., 2016). While the inhibition of Rho in their
experiments caused the potentiation of brown adipocytes differentiation, no reports in
this work are presented for PLC, IP3 or intracellular calcium. Also, it should be mentioned

that Gall and Gaqg are members of the Gg-family in the classification of the a-subunits
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but are coded by different genes (GNA11 and GNAQ, respectively). Their downstream
signaling may result different and also their agonist-mediated activation pathways.
Further experiments regarding differences between Gq and G11 roles on brown
adipocytes should be performed to better understand G-protein dynamics in adipocyte

biochemistry.

At the introduction of this dissertation it was mentioned that a GPCR may show
preference to signal through a particular effector depending on the ligand that activates
the receptor, this is known as biases signaling. It has been reported that other GPR120
agonists (i.e. DHA) have mild or no effects over thermogenic or adipogenic markers nor
in oxygen consumption (Fleckenstein-Elsen et al., 2016). Biased signaling may result
depending on the agonist activating the receptor in adipocytes triggering different
effects. Current available data, including the one presented here, show that adipocyte
differentiation and thermogenic markers induction in brown adipocytes are induced
upon GPR120 activation with some synthetic agonists (like GW9508 and TUG-891) and
EPA. Also, these effects are blunted in experiments of loss-of-function of GPR120, as
confirmed by other groups (Kim et al., 2016; Schilperoort et al., 2018). What comes
intriguing is how and why this induction is preferentially accomplished by EPA-mediated
activation of GPR120. It still needs to be clarified why the effects observed upon
activation of GPR120 with a certain natural agonist in a specific cell-type are not
reproduced with other known occurring agonists. For example, EPA effects over
adipogenesis and thermogenic activation are not reproduced by DHA (Fleckenstein-
Elsen et al., 2016 and unpublished data from our laboratory). On the other hand, DHA
effects over macrophages have not been intimately linked to EPA (Oh et al., 2010; Oh et
al., 2014). Also, it shall not be forgotten that this work focused on the effects of GPR120
activation on adipocytes and its role on thermogenic activation. Other effects regarding
GPR120 activation (i.e. glucose uptake and anti-inflammatory or stress responses) were
not explored with the same detail, yet. It could also occur that different allosteric
agonists, inverse agonists and antagonists play different roles in the same cell at
different time-points to respond to distinct stimulus, as the concept of biased signaling

suggests. One example is glucose uptake. DHA has failed to achieve any induction on
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thermogenic machinery in our and Fleckenstein-Elsen’s groups experiments (2016).
However, Oh and co-workers (2010) reported that DHA stimulation of GPR120 in 3T3-
L1 adipocytes increased GLUT4 translocation to the cell surface with a subsequent
increase in glucose transport into the cells. It is also important to bring to the scope
findings regarding effects of n-6 PUFAs, ARA (arachidonic acid, an n-6 PUFA) and EPA
induced adipogenesis in precursor cells. However, while EPA increased beige markers at
the end of differentiation, ARA showed no effects over thermogenic marker genes’
expression but instead increased white gene markers expression (Fleckenstein-Elsen et
al., 2016). Whether these type of PUFAs may interact or affect GPR120 activation
remains to be elucidated and results important to be clarified in order to understand
mechanism of activation in DIO. Likewise, it should be interesting to test whether these

‘whitening’ effects are impaired in the presence of n-3 PUFAs.

GPR120 effects through FGF21 in brown and beige adipocytes and the induction of

thermogenesis.

As described during these data sets of results, FGF21 is importantly induced and
released from adipocytes and adipose tissue upon GPR120 activation. FGF21 is an
endocrine factor which has been linked to a great variety of beneficial effects for
metabolism. Some of them include glucose uptake in white adipocytes by inducing
Glutl expression (Kharitonenkov et al., 2005), thermogenic activation in brown adipose
tissue (Hondares et al., 2010; Wu et al., 2012) and inducing browning in depots
characteristic of white fat (Hondares et al., 2011; Fisher et al., 2012). The analysis of
these results and other groups’ reports show that GPR120 activation induced the
expression of the thermogenic machinery (Kim et al., 2016; Schilperoort et al., 2018).
The results here described show that GPR120-activation caused an induction in FGF21.
Hence, the FGF21-dependent effects after the activation of GPR120 were further
explored. For this reason, another in vivo experiment in wild-type and FGF21-deficient
animals was performed. Chow diet of these animals was supplemented with GW9508

and after 7 days animals were sacrificed. The effects over FGF21 were reproduced in
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wild-type animals, so the analysis focused on the knock-out effects. In the case of BAT,
we observed that there was an important impairment of thermogenic activation upon
GW9508 administration in mice lacking FGF21. The induction in thermogenic marker
genes (i.e. Ucpl, CoxlV, and Bmp8b) was unaffected or even decreased upon GPR120
activation in FGF21-knockout animals. In addition, Ucpl protein expression in the
FGF21-deficient adipose tissues showed no induction upon GW9508 supplementation;
conversely, they showed increased lipid accumulation and leptin expression. Regarding
WAT and the induction of browning by GPR120 agonists, we observed that the FGF21-
knockout tissues showed increased lipid content. Also, the induction in the expression
of thermogenic markers was blunted in the absence of FGF21. This effect was consistent
with a decreased effect on Ucp1 protein expression and fewer multilocular adipocytes

in the iIWAT depots from FGF21-null animals.

To verify if cell-autonomous effects that were reported before were also
dependent on FGF21, three main in vitro approaches were performed. It was verified if
the absence of FGF21 resulted in adipocyte differentiation upon GPR120 activation.
Precursor cells from interscapular BAT from wild-type and FGF21-deficient animals were
obtained. As in the previous experiments, the cells were maintained in the basal media
or supplemented with GW9508. While no significant impairment in differentiation was
observed in the FGF21-null cells, the induction in the expression of thermogenic markers
upon GW9508 administration during differentiation did show an impairment. Likewise,
when differentiated adipocytes obtained from iBAT or iWAT of wild-type and FGF21-
deficient mice were treated with GW9508 during 24 hours, the induction in the
thermogenic markers gene expression was impaired. Glucose oxidation was measured
in this experiments showing that GPR120 activation caused an increase in glucose
oxidation in wild-type animals and that the absence of FGF21 resulted in a reduced
oxidation capacity upon activation. These results are consistent with what is known of
FGF21 effects on BAT and WAT where it promotes thermogenic activation and
browning, respectively, and is associated with glucose uptake and oxidation (Hondares

et al., 2010; Fisher et al., 2012). Altogether, these approaches help clarify that effects
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observed on thermogenic activation upon GPR120 activation are mediated by FGF21 in

an autocrine (and potentially endocrine) manner.

GPR120 role on neonatal BAT thermogenesis.

Our results together with other recent reports (Kim et al., 2016; Schilperoort et
al., 2018) reveled that GPR120 mediates thermogenic activation in adipose tissues and
that GPR120-deficient animals have proven to be sensible to cold exposure. Consistent
with the former detail, GPR120-deficient pups show a compromised survival during the
first hours of life at standard housing temperatures (21°C) this was ameliorated by
raising environmental temperature to 25°C. Thermal stress post-partum induced the
expression of GPR120 in BAT from wild-type animals. The expression of other
thermogenic markers (Ucpl and Fgf21) showed similar behaviors not just regarding
temperature but also the initiation of suckling, which seemed to have mild effects over
this post-natal induction (and similar to what is observed for Ucp1). Neonatal GPR120
activation in BAT showed to be accompanied by an increase in FGF21 circulating levels
and mRNA expression in brown fat. Likewise, HFD supplementation with EPA, a well-
known natural occurring agonist of GPR120, shows an increase in FGF21 mRNA
expression in BAT (Pahlavani et al., 2017). In a previous section, it was described that
upon cold exposure, GPR120-deficient mice show decreased levels of FGF21 compared
to wild-type animals. FGF21 was previously described to be markedly induced in the
postnatal period (Hondares et al., 2010). Pup initiation of suckling causes an increase in
FA plasma levels and promotes FGF21 expression in liver and its release to the
circulation. This FGF21 contributes to BAT thermogenic activity (Hondares et al., 2010
and 2011). While liver has been described as the main tissue to express and contribute
to plasma levels of FGF21, it is also known that brown adipose tissue is an important
producer of FGF21. Therefore, and after several previous reports on its role on
thermogenesis, it is presumed to be linked to BAT adequate activation (Fischer et al.,
2012; Cereijo et al., 2015). Consistent with what was previously reported, data in this

set of experiments showed an important increase in plasma FGF21 levels since 6 hours
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of life. This induction observed in the wild-type animals was impaired in GPR120-null
pups. No effects of GPR120 loss-of-function were observed in liver. Conversely, BAT
showed an impairment in Fgf21 expression, especially during the first 12 hours after
birth. This observation conducted the idea that BAT-mediates neonatal levels of FGF21
through GPR120. The final effect seems to be thermogenic activation of BAT due to an
important decrease observed in the induction of Ucpl mRNA and protein in neonates
deficient of GPR120. FGF21 levels in the neonatal period have previously been reported
to be essential for BAT thermogenic machinery induction in newborns (Hondares et al.,
2010). Also supportive to this idea were the indirect temperature estimations of BAT
performed. Thermographic images show decreased temperatures during the first hours
of life. In addition, fatty acids (important energy substrates at this age) oxidation seemed
to be impaired in GPR120-deficient pups. On the other hand, no important differences
were observed for glucose oxidation. Together, these data suggests decreased pup
survival under 21°C of housing temperatures could be due to an inadequate
thermogenic adaptation in GPR120-deficient pups. This conclusion is also supported by
the improvement in pup survival with the increase in the environmental temperature by

four degrees at the place where pup deliveries took place (25°C).

GPR120 activation as a therapeutic target for the induction of thermogenesis

through FGF21 and perspectives in the field.

The results presented here describe GPR120 activation as a potential target for
the treatment of obesity. They propose a GPR120-mediated induction of adipose tissue
thermogenesis mediated by FGF21. FGF21 has previously been reported to mediate
thermogenic activation and substrate oxidation in WAT (Markan et al., 2014). Other
effects of GRP120 activation in adipose tissue have been described such as an
improvement in glucose utilization and a decrease in inflammatory markers (Oh et al.,
2010; Oh et al., 2014). However, there are still no concluding reports regarding
modifications to GPR120 activation or expression in obesity. Some studies report an

overexpression of the receptor in the presence of obesity while others report a
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reduction in the expression of GPR120 in DIO models (Ichimura et al., 2012; Rodriguez-
Pacheco et al., 2014; Satapati et al., 2017). It could occur that the effects over the
expression of the receptor rely on the type of diet that is employed (regarding lipid
composition). Also, the increased expression of the receptor could also imply a type of
resistance to the physiological signals that are to target GPR120, something similar to

what has been described for FGF21 or insulin (Fisher et al,. 2010).

GPR120 activation and its role on FGF21 regulation in obesity results challenging
to clarify due to different phenotypes observed in studies of loss-of-function for both
proteins. Ichimura and co-workers (2012) have reported that GPR120 deficiency leads
to increased body and fat mass weight. However, this phenotype has failed to be
reproduced by other study groups including ours (Oh et al., 2014; Schilperoort et al.,
2018). The situation is similar for FGF21 where some studies show an increase in
adiposity (Hotta et al. 2009) while others report a decrease in fat accumulation related
to a decreased PPARYy activity (Dutchak et al. 2012). Further analysis considering other
parameters such as age or diet composition should be done to clarify these panorama.
Also, while no impairment in adipogenesis is observed in the absence of FGF21, there is
a strong impairment in adipogenesis on GPR120-null precursors as observed in these

results.

This work focused on the effects of GPR120 activation in vivo under healthy
conditions. GPR120 showed to induce thermogenesis through FGF21. For considering
GPR120 a therapeutic target modulating FGF21 system it should be taken into account
that several studies have revealed that HFD itself induces an increase in FGF21
expression (Villarroya et al., 2014; Pahlavani et al., 2017; Zhang et al. 2008). This
induction seems to be dependent on the composition of the diet that is administered to
the animals and also to the stress status of the tissues (ER and oxidative). In addition, it
remains unclear that some experimental treatments for obesity have no effects over
FGF21 expression (in some or all adipose depots). Likewise, several DIO experiments

have shown that some HFDs are able to increase thermogenic activity in BAT, as
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described by Kim and co-workers (2016). So, to drive appropriate conclusions and direct
further experiments, diet composition should be chosen appropriately. In the case of
those HFDs showing no induction of FGF21 or BAT thermogenesis, the activation of
GPR120 should be explored in order to test a possible recovery in FGF21 signaling or
FGF21 expression. Subsequent analysis, should consider the effects over the adipose
tissue receptor (FGFR1) and the co-receptor B-klotho (KLB), both previously described
to be essential for FGF21 response in the tissues targeted by this endocrine factor
(Kurosu et al., 2007; Kharitonenkov et al., 2008; Ding et al., 2012; Owen et al., 2015).
Also, long-term effects of GPR120 agonists administration in DIO models over different
physiological and cell specific responses (i.e. oxidative and ER-stress, mitochondrial
regulation) and the interaction with other cell populations (especially regarding the
immune system) should be covered. Furthermore, some of the effects observed could
be related to FGF21 effects in brain. FGF21 has the ability to activate its receptor in the
hypothalamus resulting in CNS stimulation. This effect over CNS could lead to
thermogenic activation of BAT (and WAT) (Owen et al.,, 2014). Therefore, possible

mechanisms of BAT regulation mediated by the CNS could also be found.

While these experiments’ results show a relation in GPR120 activation-mediated
increase in FGF21 plasma levels and thermogenic activation of the adipose depots, there
are several studies suggesting that an increase in plasma FGF21 levels are related to
adipose tissue dysregulation (i.e. obesity and T2DM or lipodystrophy) (Zhang et al.,
2008; Gallego-Escuredo et al., 2015; Miehle et al., 2016). During the development of this
project, three collaborations were performed where it was determined that FGF21
modulated stress responses. FGF21 showed to be increased in situations leading to ER
stress in liver (Zarei et al., 2016; Zarei et al., 2018). These studies propose FGF21 as a
protective molecule in the progression of ER stress and the development of NAFLD. This
protective role has also been described for the heart (Planavila et al., 2013). On the other
hand, increases in FGF21 levels were also observed under the administration of
antiretroviral drugs in several cell-types. These treatments were described to mediate a
type of FGF21 resistance under ER-stress conditions which leads to a decreased

expression of KLB in different cell-types (Moure et al., 2018). However, the recovery of
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KLB levels was not observed in all situations that inhibited ER stress nor oxidative stress.
KLB expression is crucial for FGF21 signaling and its downstream effects, GPR120
activation has shown to induce the expression of FGF21 however it remains unexplored
whether this activation could impact KLB expression (previously reported to be
determinant FGF21 resistance). GPR120 activation possible effects over AT dysfunction
should include those effects over KLB and the stress status of the tissue. It could be of
interest whether GPR120 activation could have a positive effect over the stress response
in other metabolic situations (NAFLD or even treatments with antiretroviral drugs). Even
if liver and other tissues do not express significant amounts of GPR120, the induction of
FGF21 and the activation of GPR120 in immune cells could result in a positive impact on

the metabolic status of the tissue.

Important for the information acquired in the development of targets is the fact
that GPR120 activation induced adipocyte differentiation. This could imply that GPR120
activation effects over FGF21 induction in expression and release could have an adverse
effect on osteogenic differentiation resulting in a compromised bone homeostasis.
Previous reports have shown that GPR120 activation can induce adipogenic before
osteogenic differentiation. Similarly, increased expression of FGF21 has been linked to
a compromised osteogenic differentiation (Wei et al., 2012; Gao et al., 2015; Gallego-
Escuredo et al., 2017). The possible effects over bone homeostasis should be checked in
subsequent experimental approaches in order to discard any accelerated bone loss or

other bone effects.

As for the immune system, macrophages have been found to express GPR120
and are also able to trigger responses with beneficial effects upon GPR120 activation
(Oh et al., 2010). As mentioned, GPR120 is not expressed in all tissues, several effects
over metabolic active organs (i.e. liver) could also occur due to a possible global
inflammatory modulation. Studies revealed that the inflammatory processes driven by
LPS were ameliorated in the presence of GPR120 agonists on macrophages. Given that

inflammatory processes are also observed in AT as a consequence of obesity, the effects
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over the inhibition/modification in the induction of several marker genes known to
decrease the activation of thermogenesis or browning (i.e. LBP) could be explored.
Previous results by Oh and co-workers (2010) have shown to inhibit the expression of
inflammatory markers upon GPR120 activation. During the development of this thesis a
collaboration on the role of LBP, a protein mediating immune-stimulation to LPS
(lipopolysaccharide), was performed (Gavalda-Navarro et al., 2016). LBP mediates the
immunostimulatory capacity of LPS in bacterial infections by enabling the binding of the
lipid A component of LPS to CD14 and toll-like receptor 4 (TLR4). While it is mainly
expressed in liver, adipose tissues also expresses LBP. Its expression is associated with
inflammatory markers and shows an up-regulation in situations of metabolic syndrome
and insulin resistance in obese patients (Moreno-Navarrete et al., 2015). GPR120
activation by natural or synthetic agonists has proven to repress the ability of TLR4 to
bind LPS thus inhibiting inflammatory responses in macrophages. Since LBP has been
observed to be increased on WAT in obesity and given that GPR120 activation causes an
induction in browning and glucose uptake from adipocytes, it could be of interest to
investigate a possible effect over the inflammatory profile in WAT (like, for example, LBP

expression) in hypertrophic conditions.

GPR120 activation comprises a wide variety of responses depending on the
agonist and the cell target. So far, activation of the receptor has resulted beneficial for
the treatment of metabolic conditions by improving insulin sensitivity, reducing the
inflammatory profile and inducing thermogenic activation in adipose depots. Still,
treatment doses and timings need to be defined in order to achieve the desired effects

without leaving any chances for adverse effects (i.e. bone homeostasis dysregulation).
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CONCLUSIONS






Conclusions

The G protein-coupled receptor GPR120 (also known as FFAR4) is highly
expressed in brown adipose tissue in response to thermogenic stimuli (cold), and
in brown adipocytes in culture in response to noradrenergic activation.

GPR120 is required for the browning of white adipose tissue, the stimulation of
the hormonal factor FGF21, and optimal physiological responses to a
thermogenic challenge (cold).

Pharmacological activation of GPR120 causes browning of white adipose tissue,
promotes thermogenic/oxidative activity, and induces the expression of FGF21
in adipose tissues. This effect is mimicked in brown and beige adipocytes in
culture.

n-3 PUFAS (especially eicosapentaenoic acid) induce differentiation of brown
and beige adipocytes, promote thermogenic/oxidative activity, and enhance
FGF21 gene transcription and FGF21 release through a GPR120-dependent
mechanism.

The action of GPR120 activation on brown adipocytes involves activation of p38
MAP kinase and ERK1/2.

The effects of GPR120 activation stimulating white adipose tissue browning
require FGF21.

GPR120 is dramatically induced after birth in brown adipose tissue, and is
required for the postnatal induction of FGF21 and neonatal adaptive
thermogenesis.
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Effects of FGF21 gene invalidation on brown and white adipose
tissue pathophysiology

Congress: European Congress on Obesity 2015
**Awarded best poster in the category of adipose tissue biology

Journal: Obesity Facts

Abstract:

Introduction. Experimental increases in the endocrine factor FGF21 protect against
diabetes and obesity in rodents. However, obese patients and rodent models of obesity
show a paradoxical increase in blood FGF21. We undertook a “loss-of-function”
approach to get insight in the role of FGF21 on adiposity.

Methods: Male FGF21-KO and wild-type mice were sacrificed. Interscapular BAT,
inguinal and epididymal WAT were collected. Metabolites, hormones and cytokines
were determined by spectrophotometry, ELISA or Multiplex. Gene expression was
determined by gRT-PCR. Cell morphology was assessed by optical microscopy. Cell
precursors from fat depots were differentiated to adipocytes in culture, and 14C-glucose
oxidation was determined.

Results. FGF21-KO mice did not show major changes in adipose depots size; glycemia
and insulinemia were increased, and adiponectin levels were reduced. The expression
of marker genes of carbohydrate and lipid metabolism, adipogenesis and “browning”
was essentially unaltered in adipose depots. Increased expression of inflammation and
macrophage infiltration markers (e.g. Nos2, TNFa, Argl) was found in BAT from FGF21-
KO mice; opposite changes were found in inguinal WAT. Morphological differentiation
“in vitro” of brown and white adipocytes lacking FGF21 was unaltered, whereas the
expression of marker genes of “browning” (e.g. UCP1, Sirt3, Bmp8b, UCP3) was reduced.
Glucose oxidation in FGF21-KO brown and white adipocytes was significantly reduced.

Conclusions. In vivo, the lack of FGF21 causes minor effects in adipose tissues, with the
exception of altered local inflammation status. However, the impaired glucose oxidation
due to the lack of FGF21 found in adipocytes support the notion of an autocrine role of
adipose tissue FGF21 on glucose homeostasis.
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EFFECTS OF FGF21 GENE INVALIDATION ON BROWN AND WHITE ADIPOSE TISSUE PATHOPHYSIOLOGY
Quesada 1.1, Planavila A.7, Ribas F.!, Cairé M.', Iglesias R., Giralt M., Villarroya F.

'Department of Biochemistry and Molecular Biology, and Institute of Biomedicine (IBUB).
University of Barcelona, and CIBERobn. Barcelona. Catalonia. Spain.

INTRODUCTION

FGF21, an endocrine member of the FGF family, has been
described to promote glucose oxidation in multiple tissues
including the adipose depots. In addition to this, several
experimental increases in the endocrine factor FGF21 have shown
to protect against diabetes and obesity in rodents. Under basal
conditions the liver is the main site of production of this hormone;
however, recent findings have proven that the activation of the
adipose tissues, specially Brown Adipose Tissue, can induce the
secretion of this hormone. Despite the promising findings, some
groups have found a paradoxical increase in blood FGF21 from
obese patients and rodent models of obesity. The aim of the
present work was to clarify the role of FGF21 on adiposity; with this
purpose we analyzed the alterations in metabolism and adiposity
in mice with targeted invalidation of the FGF21 gene (FGF21-null
mice).

Adipose depots from FGF21 null mice did not show massive
alterations but a tendency to modify macrophage activation profile
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Wild-type and FGF21-/- male adult mice fed standard chow were sacrificed.
Interescapular brown adipose tissue (BAT), inguinal white adipose tissue (IWAT) and
epididymal white adipose tissue (eWAT) were dissected and weighted (mg) (A).
Tissues were fixed to perform optical microscopy, the six representative images are
for BAT, iIWAT and eWAT from both genotypes (B). Relative transcript levels of
thermogenic genes, adipogenic genes, pro-inflammatory (M1) macrophage-related
genes and tissue remodeling (M2) macrophage-related genes were quantified by
gRT-PCR for BAT (C), iWAT (D) and eWAT (E) from Wt and FGF21 -/- animals. Bars
represent the mean + SEM. * P <0.05; *** P <0.001 n=5.
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Stromal vascular fraction from interescapular BAT, inguinal WAT and epididymal WAT
were obtained from wild-type and FGF21 -/- mice, the obtained cells were
differentiated to adipocytes following a standard procedure. Opftical microscopy
from the differentiated cells for BAT, iWAT and eWAT (wt and -/-) are shown (A). '“C
glucose oxidation capacity was performed in the differentiated adipocytes (B).
Relative transcript levels of thermogenic and adipogenic genes from Wt and FGF21 -
/- differentiated adipocytes were quantified by gRT-PCR (C). Bars represent the
mean + SEM. * P <0.05 ; **P <0.01 n=3.

€ present work has found that the loss of FGF21 in vivo causes an increase in circulating glucose levels but has no major
effects on circulating hormones. Also, mice lacking FGF21 show signs of altered inflammation status in the adipose tissues.
However, the adipose depofts from these mice show minor alteratfions. Besides these data, differentiated adipocytes from
the SVF of the FGF21 -/- mice showed a decreased expression of thermogenic and adipogenic genes and a trend to
lowered glucose oxidation. These findings may support the notion of an autocrine role of adipose tissue FGF21 on glucose
homeostasis.
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Heme-Regulated elF2a Kinase Modulates Hepatic FGF21 and Is
Activated by PPARB/é Deficiency

Journal: Diabetes. 2016 Oct; 65(10): 3185-99.
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Abstract:

Fibroblast growth factor 21 (FGF21), a peptide hormone with pleiotropic effects on
carbohydrate and lipid metabolism, is considered a target for the treatment of diabetes. We
investigated the role of peroxisome proliferator—activated receptor (PPAR) B/6 deficiency in
hepatic FGF21 regulation. Increased Fgf21 expression was observed in the livers of PPARb/d-null
mice and in mouse primary hepatocytes when this receptor was knocked down by small
interfering RNA (siRNA). Increased Fgf21 was associated with enhanced protein levels in the
heme-regulated eukaryotic translation initiation factor 2a (elF2a) kinase (HRI). This increase
caused enhanced levels of phosphorylated elF2a and activating transcription factor (ATF) 4,
which is essential for Fgf21-induced expression. siRNA analysis demonstrated that HRI regulates
Fgf21 expression in primary hepatocytes. Enhanced Fgf21 expression attenuated tunicamycin-
induced endoplasmic reticulum stress, as demonstrated by using a neutralizing antibody against
FGF21. Of note, increased Fgf21 expression in mice fed a high-fat diet or hepatocytes exposed
to palmitate was accompanied by reduced PPAR B/6 and activation of the HRI-elF2a-ATF4
pathway. Moreover, pharmacological activation of HRI increased Fgf21 expression and reduced
lipid-induced hepatic steatosis and glucose intolerance, but these effects were not observed in
Fgf21-null mice. Overall, these findings suggest that HRI is a potential target for regulating
hepatic FGF21 levels.
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Fibroblast growth factor 21 (FGF21), a peptide hormone
with pleiotropic effects on carbohydrate and lipid me-
tabolism, is considered a target for the treatment of
diabetes. We investigated the role of peroxisome
proliferator-activated receptor (PPAR) /6 deficiency
in hepatic FGF21 regulation. Increased Fgf21 expres-
sion was observed in the livers of PPARB/3-null mice
and in mouse primary hepatocytes when this receptor
was knocked down by small interfering RNA (siRNA).
Increased Fgf21 was associated with enhanced protein
levels in the heme-regulated eukaryotic translation ini-
tiation factor 2a (elF2«) kinase (HRI). This increase
caused enhanced levels of phosphorylated elF2a and
activating transcription factor (ATF) 4, which is essential
for Fgf21-induced expression. siRNA analysis dem-
onstrated that HRI regulates Fgf21 expression in
primary hepatocytes. Enhanced Fgf21 expression at-
tenuated tunicamycin-induced endoplasmic reticulum
stress, as demonstrated by using a neutralizing anti-
body against FGF21. Of note, increased Fgf21 expres-
sion in mice fed a high-fat diet or hepatocytes exposed
to palmitate was accompanied by reduced PPARpB/&
and activation of the HRI-elF2a-ATF4 pathway. More-
over, pharmacological activation of HRI increased
Fgf21 expression and reduced lipid-induced hepatic
steatosis and glucose intolerance, but these effects
were not observed in Fgf21-null mice. Overall, these

findings suggest that HRI is a potential target for reg-
ulating hepatic FGF21 levels.

Fibroblast growth factor 21 (FGF21), a member of the
FGF family, is a hormone with a wide range of endocrine
and autocrine actions on carbohydrate and lipid metab-
olism (1) and is considered a novel therapeutic target for
the treatment of nonalcoholic fatty liver disease (NAFLD),
insulin resistance, and type 2 diabetes. Several studies in
genetic and diet-induced models of obesity have demon-
strated that FGF21 administration ameliorates a large
number of metabolic parameters (2-5), including plasma
glucose and triglyceride levels and hepatic steatosis.
However, despite these beneficial effects of administered
FGF21, serum FGF21 levels are paradoxically increased
in animal models of obesity (6). Likewise, circulating
FGF21 levels are elevated in patients with obesity,
hypertriglyceridemia, type 2 diabetes, or NAFLD (7-9).
The pleiotropic effects of FGF21 on target tissues,
including adipose tissue, B-cells, and liver (1,2,10), are
mediated by its binding to FGF receptors in a B-klotho-
dependent manner (11-13). B-Klotho is almost exclu-
sively expressed in liver, adipose tissue, and pancreas
(13), which might explain why these specific tissues are
the predominant sites of action of FGF21. Circulating
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FGF21 is liver derived (14), and hepatic FGF21 expression
is upregulated, following extended periods of fasting, by
peroxisome proliferator-activated receptor (PPAR) «, a
nuclear receptor that induces the expression of numerous
genes involved in mitochondrial fatty acid (FA) oxidation
(15). In recent years, FGF21 has been reported to be
regulated by additional transcription factors, including
CREBPH (16) and retinoic acid receptor—related orphan
receptor (ROR) a (17). Moreover, hepatic FGF21 is neg-
atively regulated by the PPARYy coactivator law (PGC-1av)
by modulating the heme-sensing nuclear receptor REV-
ERBa, which acts as a transcriptional repressor through
its binding to ROR response elements (18). Impaired mi-
tochondrial oxidative phosphorylation (mtOXPHOS) is also
responsible for Fgf21 induction by activating transcription
factor (ATF) 4. ATF4 is a transcriptional effector of the
protein kinase R-like endoplasmic reticulum (ER) kinase
branch of the ER stress/unfolded protein response path-
way, which is essential for Fgf21-induced expression (19).
However, although circulating FGF21 has been reported to
be increased following treatment with PPARB/S agonists
(20), little is known about the effects of PPARB/8 on
FGF21 regulation in liver. PPARB/S is a ligand-activated
transcription factor involved in the regulation of glucose
and lipid homeostasis (21) and has been proposed as a
therapeutic target for the treatment of the metabolic syn-
drome (22). Thus, genetic manipulations of PPARB/S as
well as it activation by agonists attenuates dyslipidemia
and hyperglycemia, improves whole-body insulin sensitiv-
ity, and prevents diet-induced obesity (23).

In this study, we examined the effects of PPARB/d
deficiency on hepatic Fgf21 expression. Pparf3/6-null
mice showed enhanced hepatic Fgf21 expression, which
appears to depend on a reduction in PGC-1a levels and
the subsequent reduction in hemin levels that finally ac-
tivate the heme-regulated eukaryotic translation initiation
factor 2 (eIF2a) kinase (HRI). This kinase phosphorylates
elF2a, which in turn increases ATF4 levels, resulting in
enhanced Fgf21 expression. Overall, the findings point to
HRI as a new therapeutic target for regulating Fgf21 ex-
pression and metabolic dysregulation.

RESEARCH DESIGN AND METHODS

Reagents

N,N’-diarylureas 1-(benzo[d][1,2,3]thiadiazol-6-yl)-3-
(3,4-dichlorophenyl)urea (BTdCPU) or 1-(benzo[d][1,2,3]
thiadiazol-6-yl)-3-(4-chloro-3-[trifluoromethyl]phenyl)urea
(BTCtFPU), were synthesized as previously described (Sup-
plementary Data) (24).

Mice and Cell Culture

Male Pparf3/8 knockout (PparB/86~"") mice and their wild-
type littermates (Ppar,B/5+/+) with the same genetic back-
ground (C57BL/6 X 129/SV) (25) and initial weight of
20-25 g were fed a standard diet. Lipid-containing me-
dia were prepared by conjugation of palmitic acid with
FA-free BSA as previously described (26). Primary mouse
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hepatocytes were isolated from nonfasting male C57BL/6
mice (10-12 weeks old) by perfusion with collagenase as
described elsewhere (27).

Male mice (Harlan Ibérica SA, Barcelona, Spain) were
randomly distributed into three experimental groups (n =
8 each): standard diet, Western-type high-fat diet (HFD)
(35% fat by weight, 58% kcal from fat; Harlan Ibérica SA)
plus one daily oral gavage of vehicle (0.5% weight for volume
carboxymethylcellulose), and HFD plus one daily oral dose
of 3mg - kg™ - day ' of the PPARB/S agonist GW501516
dissolved in the vehicle (volume administered 1 mL - kg~ .
In a second study, male mice received one daily intraper-
itoneal administration of DMSO (vehicle) or BTdCPU
(70 mg - kg™ - day ") for 7 days. In a third study, male
mice were randomly distributed into two experimental
groups: standard chow (n = 8) or HED (n = 16) for 3 weeks.
Mice fed standard chow and one-half of the mice fed the
HED received one daily intraperitoneal administration of
DMSO (vehicle) for the last week. The rest of the mice
fed the HED received one daily intraperitoneal administra-
tion of BTACPU (70 mg - kg™ * - day™ ") for the last week. In
a fourth study, male knockout (Fgf?lf/ ") mice (B6N;129S5-
Fgf21"™**/Mmcd obtained from the Mutant Mouse Re-
gional Resource Centre) and their wild-type littermates
(Fgf21*"*) were treated as described in the third study.

RNA Preparation and Quantitative RT-PCR

The relative levels of specific mRNAs were assessed by
real-time RT-PCR as previously described (26). Primer
sequences used for real-time RT-PCR are displayed in Sup-
plementary Table 1.

Immunoblotting
Western blot analyses were performed as previously
indicated (26).

Heme Protein Content Quantification

Heme content in liver was quantified by measuring the
oxidized version of the protein hemin by using an enzy-
matic assay kit (Hemin Assay Kit; Sigma-Aldrich).

Oil Red O Staining
Lipid accumulation in hepatocytes was assessed by Oil Red
O (ORO) staining as previously reported (28).

Statistical Analyses

Results are expressed as mean * SD. Significant differ-
ences were established by one-way ANOVA by using the
GraphPad Instat program (GraphPad version 5.01; GraphPad
Software, La Jolla, CA). When significant variations were
found by one-way ANOVA, the Tukey-Kramer multiple
comparison posttest was performed. Differences were con-
sidered significant at P < 0.05.

RESULTS

PparB/6~'~ Mice Show Increased Hepatic Fgf21
Expression and Plasma Levels

PPARB/S™’~ mice displayed higher hepatic Fgf21 mRNA
levels than wild-type littermates (threefold induction, P <
0.001) (Fig. 1A4). Consistent with circulating FGF21 being
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Figure 1—Fgf21 expression is increased in liver of PparB/5-null mice and in primary hepatocytes following knockdown of PparB/s. Liver
and epididymal white adipose tissue from male wild-type (WT) and Pparp/s-null mice were used (n = 6/group). A: Assessment by
quantitative real-time RT-PCR of hepatic Fgf21. B: Serum FGF21 levels. Data are the mean = SD (n = 6/group) relative to WT mice. C:
mRNA abundance of hepatic Fgfric and B-klotho. D: mRNA abundance of hepatic L-Cpt-1, Hmgcs2, Hsd3b5, and Mup1. E: mRNA
abundance of epididymal white adipose tissue Fgf21 and Glut1. F: Fgf21 mRNA abundance in primary hepatocytes transfected with
control (CT) siRNA or Pparp/s siRNA for 24 h. mRNA levels are mean + SD (n = 6/group). *P < 0.05, *P < 0.01, **P < 0.001 vs. WT

mice or CT siRNA.

liver derived (14), we found increased plasma FGF21 lev-
els in PparfB/6-deficient mice (2.6-fold increase, P <
0.001) (Fig. 1B) and reduced expression of one of the
receptor and coreceptor pairs used by FGF21, Fgfric
(49% reduction, P < 0.05) and B-klotho (57% reduction,
P < 0.001) (Fig. 1C). Carnitine palmitoyltransferase
1A (Cpt-1a), 3-hydroxy-3-methylglutaryl-CoA synthase
2 (Hmgcs2) (29), 3-B-hydroxysteroid dehydrogenase type
5 (Hsd3b5) (30), and major urinary protein 1 (Mup1) (30)
are FGF21-responsive genes. In accordance with increased
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FGF21 plasma levels, hepatic expression of Cpt-la and
Hmgcs2 was increased, whereas the expression of
Hsd3b5 and the mRNA and protein levels of MUP1
were decreased in Ppar3/8~’" mice (Fig. 1D and Supple-
mentary Fig. 1A). In agreement with the reported obser-
vation of increased glucose uptake in adipocytes through
enhanced Glutl expression by FGF21 secreted by the liver
(31), the expression of this glucose transporter was higher
in white adipose tissue of PparB/6~’" mice than in the
wild-type animals (Fig. 1E). In contrast to the liver, the
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expression of Fgf21 in white adipose tissue was not sig-
nificantly increased in Pparf3/8-deficient mice (Fig. 1E),
pointing to a tissue-specific effect. Because increased se-
rum free fatty acids (32) and glucose levels (33) are two
important stimuli that upregulate Fgf21 expression in
liver, we measured their levels in serum of PparB/6 ™/~
and wild-type mice. No differences were observed in se-
rum free fatty acids and glucose levels (Supplementary
Fig. 1B and (), suggesting that they were not involved
in the reported increase in Fgf21 expression. In addition,
the expression levels of Ppara and its target genes Acox
and Mcad were not significantly increased, rendering it
unlikely that PPARa is involved in the increase in Fgf21
expression in these mice (Supplementary Fig. 1D). PparB/
o-null mice did not present upregulation of Chop, Orp150,
or Atf3 expression (Supplementary Fig. 1E) or phosphor-
ylated (phospho)-IREla and BiP levels (Supplementary
Fig. 1F), suggesting that ER stress was not the stimulus
responsible for the increase in Fgf21 expression. Primary
hepatocytes transfected with either control small interfer-
ing RNA (siRNA) or PparB3/6 siRNA showed a significant
reduction (71%, P < 0.001) in this transcription factor
(Supplementary Fig. 1G) and a significant increase in Fgf21
gene expression (Fig. 1F), confirming that downregulation
of Pparf3/6 in hepatocytes raises Fgf21 expression.
Because AMPK (34) and SIRT1 (35) stimulate Fgf21
expression, we explored the levels of these proteins in
PparB/8~'~ mice. No changes were observed either in
phosphorylated or total AMPK protein levels in Pparf3/
O-deficient mice compared with wild-type animals,
whereas in accordance with the reported regulation of
SIRT1 by PPARB/d (36), the protein levels of SIRT1
were reduced in Ppar,B/B*/ " mice (Fig. 24). Next, we fo-
cused on PGC-1a because this transcriptional coactivator
negatively regulates hepatic levels of Fgf21 (18). PparB/
6-null mice showed reduced nuclear PGC-1a protein levels
compared with wild-type mice (Fig. 2B). Because the re-
duction in PGC-1a upregulates Fgf21 mRNA levels by de-
creasing the expression of the transcriptional repressor
Rev-Erba (18), we measured its mRNA and protein levels.
PparB/8~'" mice exhibited lower Rev-Erba expression
and protein levels than wild-type mice (Fig. 2B and O),
which is consistent with the upregulation of Rev-Erbo-
repressed Bmall in Pparf3/6-null mice (Fig. 2C). Because
PGC-1a stimulates the expression of the Nrf-1 gene (37),
its reduction was in accordance with the reduction in
hepatic PGC-1a (Fig. 2B). mtOXPHOS is regulated by
both PGC-1a (38) and REV-ERBa (39), and their decrease
is consistent with the reduction observed in the protein
levels of several members of mtOXPHOS in the livers of
PparB/8~" mice (Fig. 2D). Impaired mtOXPHOS is re-
portedly responsible for FGF21 induction through acti-
vation of the elF2a-ATF4 pathway (19). Although this
pathway is activated by ER stress, the increase in phos-
phorylated elF2a and activation of its downstream ATF4
signaling pathway can occur independently of ER stress
because elF2a can also be phosphorylated by other
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kinases, including HRI (40). Of note, HRI is activated by
heme deprivation (41), and PGC-1a is an important reg-
ulator of heme in liver cells because it coactivates NRF-1
and other transcription factors that increase the expres-
sion of Alas1, the rate-limiting enzyme in heme biosyn-
thesis. In addition, the repressive activity of REV-ERBa
on Fgf21 expression is potentiated by the binding of its
ligand heme (18). Given that PparB3/6 /" mice exhibited
reduced PGC-la and NRF-1 protein levels, we assessed
heme content levels by measuring the oxidized form of
this protein hemin. PparB/8~'~ mice showed reduced
levels of hemin compared with wild-type mice (Fig. 2E)
and increased HRI levels in PparB/8~ /" mice compared
with wild-type littermates (Fig. 2F). In agreement with
the increase in HRI, levels of the downstream proteins
of this pathway, phospho-elF2ac and ATF4, were also
upregulated (Fig. 2F).

In accordance with the findings observed in the livers
of PparB/8-deficient mice, siRNA knockdown of Ppar3/5
in primary hepatocytes led to enhanced protein levels of
HRI, phospho-elF2a, and ATF4 and reduced levels of
MUP1 (Fig. 3A). Transfection of primary hepatocytes
with siRNA against Hri caused a significant reduction in
hemin levels and in the expression of Fgf21, Atf4, and
Chop, the latter being a direct ATF4 transcriptional target
(42) used as a marker of the activation of the eIF2a-ATF4
pathway following activation of HRI (Fig. 3B-E) (24).
Likewise, the protein levels of phosphorylated elF2a,
ATF4, and CHOP were decreased, whereas the protein
levels of MUP1 were increased (Fig. 3F), confirming
through a genetic approach that HRI controls Fgf21 ex-
pression in hepatocytes.

PPARB/6 Regulates ER Stress Through Hepatic Fgf21
Expression

Hepatic Fgf21 expression increases in response to ER
stressors in liver, where it seems to display an adaptive
response to these stimuli (43). In fact, exogenous admin-
istration of FGF21 alleviates the tunicamycin-induced
elF20-ATF4-CHOP pathway, whereas it shows an insig-
nificant effect on the IREla-XBP1ls pathway (43). We
hypothesized that the increase in FGF21 levels in
Ppar3/6-deficient mice may protect the liver from ER
stress, which is consistent with the fact that in contrast
to the liver, skeletal muscle of these mice showed in-
creased expression of ER stress markers (44). To test
this, wild-type and PparB/6 /" mice were treated with
the ER stressor tunicamycin for 24 h. Wild-type mice
treated with tunicamycin exhibited a ninefold increase
(P < 0.001) in Fgf21 expression, and this increase was
higher (~21-fold induction, P < 0.001 vs. tunicamycin-
treated wild-type mice) in livers of Ppar/6~/~ mice (Fig.
4A). A similar effect was observed in plasma FGF21 levels
(Fig. 4B). The mRNA and protein levels of the ER stress
marker BiP were higher in the livers of tunicamycin-
treated Pparf/6-deficient mice than in tunicamycin-
treated wild-type mice, suggesting that ER stress is
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Figure 2—PparB/s deficiency decreases PGC-1a and hemin levels and activates the HRI-elF2«a-ATF4 pathway. A: Liver cell lysates and
nuclear extracts from male wild-type (WT) and PparB/5-null mice were assayed for Western blot analysis with antibodies against total and
phospho (p)-AMPK and SIRT1. Data are mean = SD (n = 6/group) relative to WT mice. B: Nuclear extracts were assayed by Western blot
analysis with antibodies against PGC-1a, REV-ERBa, and NRF-1. C: Rev-Erba and Bmal1 mRNA levels in liver from WT and PparB/5-null
mice. Data are mean * SD (n = 6/group) relative to WT mice. D: Immunoblot analyses of mtOXPHOS proteins. E: Liver hemin levels. Data
are mean * SD (n = 6/group) relative to WT mice. F: Immunoblot analyses of HRI, total and p-elF2«, and ATF4. Data are mean = SD (n =
6/group) relative to WT mice. *P < 0.05, **P < 0.01 vs. WT mice.

exacerbated in the former (Supplementary Figs. 2A and 4C)  Pparf3/8 =/~ mice compared with vehicle-treated wild-type
probably as a result of the increase in ER stress pathways, mice were accompanied by a reduction in phospho-elF2a
such as the IREla-XBPls, which are not inhibited by protein levels (Fig. 4C). This was especially marked in
FGF21. The higher levels of FGF21 in vehicle-treated tunicamycin-treated Pparf/8 ’~ mice compared with
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Figure 3—Hri knockdown in primary hepatocytes reduces Fgf21 expression. A: Primary hepatocytes were transfected with control (CT) or
Pparp/s siRNA for 24 h, and the protein levels of HRI, phosphorylated (p) and total elF2a, ATF4, and MUP1 were analyzed by immuno-
blotting. B: Hemin levels. C-E: Fgf21, Atf4, and Chop mRNA abundance in primary hepatocytes transfected with CT or Hri siRNA for 24 h.
F: Immunoblot analyses of HRI, total and p-elF2a, ATF4, CHOP, and MUP1 in primary hepatocytes transfected with CT siRNA or Hri siRNA

for 24 h. Data are mean = SD (n = 6/group). *P < 0.05, **P < 0.01

, P < 0.001 vs. CT siRNA.

tunicamycin-treated wild-type mice (Fig. 4C), suggest-
ing that the higher levels of FGF21 in Ppar8/8~ mice
inhibited the phosphorylation of elF2a as previously
described (43). To demonstrate this more clearly, we
used an FGF21-neutralizing antibody. In wild-type mice,
treatment with the FGF21-neutralizing antibody for 14 h
did not significantly affect elF2a phosphorylation com-
pared with IgG-treated mice (Supplementary Fig. 2B). In
contrast, when PparB/8~/" mice were treated with the
FGF21-neutralizing antibody for the same amount of
time, a significant increase was observed in phospho-
elF2a levels (Fig. 4D). PparB/Sﬁf mice treated for 14 h

with tunicamycin and IgG showed a reduction in the lev-
els of phospho-elF2a, suggesting that the additional in-
crease in FGF21 levels caused by tunicamycin treatment
was responsible for this effect. In line with this, injection
of the FGF21-neutralizing antibody raised phospho-elF2a
levels (Fig. 4D). The protein levels of ATF4 also showed an
increase following treatment with the FGF21-neutralizing
antibody (Fig. 4D). Through its negative action on elF2a
and ATF4, FGF21 can activate a negative feedback loop
that reduces Fgf21 expression (43). Consistently, admin-
istration of the FGF21-neutralizing antibody raised the
mRNA levels of Fgf21 (Fig. 4E). The increase in BiP and
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Figure 4—Increased Fgf21 expression in liver of Pparf/s-null mice alleviates ER stress. Male wild-type (WT) and PparB/5-null mice were
treated for 24 h through intraperitoneal injection of DMSO (vehicle) or tunicamycin (Tunic) (3 mg - kg™ ' body weight), and the mRNA
abundance of hepatic Fgf21 (A) and serum levels of FGF21 (B) were determined. Data are mean = SD (n = 6/group). C: Immunoblot
analyses of BiP and total and phospho (p)-elF2a. *P < 0.05, *P < 0.01, *™*P < 0.001 vs. WT animals treated with DMSO (vehicle); #P <
0.05, ##P < 0.01, ###P < 0.001 vs. WT animals treated with Tunic; 1P < 0.01, T11P < 0.001 vs. PparB/5-null mice treated with DMSO
(vehicle). D: Male WT and Pparp/s-null mice at 12 weeks of age were injected intraperitoneally with IgG (9 wg/mouse) or a neutralizing
antibody (Ab) (9 wg/mouse) against FGF21 together with DMSO or Tunic (3 mg - kg~ ' body weight). Mice were killed 14 h after treatment.
Immunoblot analyses of total and p-elF2a and ATF4 were performed in liver lysates. Data are mean = SD (n = 4/group). E: mRNA
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Atf3 expression and BiP protein levels confirmed that
tunicamycin treatment for 14 h results in ER stress (Sup-
plementary Fig. 2C-E).

Next, we explored whether the described mechanisms
also operated in human HepG2 cells. Treatment with
Ppar3/6 siRNA led to a significant increase in phosphor-
ylated elF2a and ATF4 levels (Fig. 4F), confirming that
Ppar/6 deficiency activates the elF2a-ATF4 pathway. In
addition, in the presence of the FGF21-neutralizing anti-
body, the increase in phospho-elF2a and especially in
ATF4 was exacerbated compared with IgG-treated cells.
We then examined the effects of the FGF21-neutralizing
antibody on tunicamycin-treated cells. In these cells,
the FGF21-neutralizing antibody increased the levels of
phosho-elF2a and ATF4 protein compared with IgG-
treated cells (Fig. 4F). Overall, these findings confirm
that an increase in FGF21 levels in Ppar3/8 /" mice pre-
vents an increase in the el[F2a-ATF4 pathway, alleviating
part of the ER stress process in liver.

In Liver, PPARB/3 Activation Prevents the Increase

in the HRI-elF2a-ATF4 Pathway Caused by an HFD

Exposure to an HFD increases Fgf21 expression (10), and
we have previously reported that exposure to an HFD
reduces hepatic mRNA levels of Pgc-1a (45). This suggests
that exposure to an HFD might activate the HRI-eIF2o-
ATF4 pathway and contribute to an increase in hepatic
Fgf21 expression. In mice exposed to an HFD for 3 weeks
in the presence or absence of the PPARB/® activator
GW501516, we observed that the HFD increased hepatic
Fgf21 expression by eightfold (P < 0.05), whereas this
increase was prevented by GW501516 (Fig. 5A). Consis-
tent with the changes in Fgf21 expression, feeding with
an HFD reduced MUP1 protein levels, whereas the
PPARB/d agonist prevented the decrease caused by the
HFD (Fig. 5B). No change was observed in the protein
levels of the ER stress marker BiP (Supplementary Fig.
34A), rendering it unlikely that ER stress might be respon-
sible for the increase in Fgf21 expression caused by an
HFD. Of note, the HFD strongly reduced the protein lev-
els of PPARB/3, PGC-1a, and REV-ERBq, whereas ATF4
protein levels were increased (Fig. 5C). In contrast, these
changes were abolished in mice fed the HFD and treated
with GW501516. Furthermore, the reduction in PPARB/
8, PGC-1a, and REV-ERBa was accompanied by a reduc-
tion in hemin levels (Supplementary Fig. 3B) and an in-
crease in HRI levels in mice fed the HFD, whereas this
increase was blunted following drug treatment (Supple-
mentary Fig. 3B and Fig. 5D). To confirm whether FAs
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were the HFD component responsible for the changes
observed in the in vivo study, we exposed human Huh-7
hepatocytes to the saturated fatty acid (SFA) palmitate.
Cells incubated with palmitate showed a huge increase in
FGF21 and ATF4 expression (Fig. 5E). Palmitate also eli-
cited a reduction in PPARB/3, PGC-1a, and REV-ERB«x
and a subsequent increase in HRI, phospho-elF2a, and
ATF4 protein levels (Fig. 5F). These findings suggest
that by reducing PPARB/8 and PGC-1a, SFAs lead to ac-
tivation of the HRI-elF2a-ATF4 pathway and a subse-
quent increase in FGF21 expression.

HRI Is a Pharmacological Target to Modulate Hepatic
Fgf21 Expression
Given that HRI regulates FGF21, we next explored its
suitability as a pharmacological target to modulate hepatic
FGF21 expression. For this purpose, we used two N,N’-
diarylureas, BTdACPU and BTCtFPU, which are HRI activa-
tors, thereby causing the phosphorylation of elF2a and
the increased expression of the transcription factor ATF4
(24). Exposure of human Huh-7 hepatocytes to 10 pmol/L
of either BTdCPU or BTCtFPU for 24 h strongly increased
Fgf21 and Atf4 mRNA levels (Fig. 6A and B). The increase
in the expression of CHOP (Fig. 6C), a direct ATF4 tran-
scriptional target (42), confirmed that this pathway was
activated by the N,N’-diarylureas. These compounds did
not increase PPARq, its target genes, BiP mRNA (Supple-
mentary Fig. 4A-D), or BiP protein levels (Fig. 6D), sug-
gesting that these mechanisms were not involved in Fgf21
upregulation. In line with the reported activation of HRI by
these N,N’-diarylurea compounds, we observed increased
protein levels of phospho-elF2a and ATF4, especially fol-
lowing treatment with BTdCPU (Fig. 6D). Treatment of
mice with BTdACPU for 1 week also increased hepatic
Fgf21 expression (Fig. 6E) without changes in BiP protein
levels, whereas phospho-elF2a and ATF4 were increased
(Fig. 6F). Moreover, consistent with the increased expres-
sion of Fgf21, Glutl mRNA levels were higher in the white
adipose tissue of mice treated with BTdCPU (Fig. 6G).
Next, we explored the effects of BTdCPU on human
Huh-7 hepatocytes exposed to the SFA palmitate. Cells
exposed to this FA showed increased FGF21, ATF4, and
CHOP mRNA levels, and when cells were coincubated
with the FA and BTdCPU, a significantly higher increase
was observed in the expression of these three genes (Fig.
7A). Of note, when Huh-7 cells were exposed to palmitate,
a high accumulation of triglycerides was observed in the
cells, as demonstrated by ORO staining, but this accumu-
lation was prevented in the presence of the BTdCPU

abundance of hepatic Fgf21. *P < 0.05, **P < 0.01, **P < 0.001 vs. PparB/5-null mice treated with IgG and DMSO; #P < 0.05, ##P < 0.01,
###P < 0.001 vs. Pparp/8-null mice treated with neutralizing Ab against FGF21 and DMSO; 1P < 0.05, 1P < 0.01 vs. PparB/5-null mice
treated with IgG and Tunic. F: HepG2 cells transfected with control (Ctrl) siRNA or PPARB/3 siRNA were coincubated with Tunic (2 pg/mL)
and IgG (3 pg/mL) or a neutralizing Ab (3 pg/mL) against FGF21 for 24 h. Immunoblot analyses of total and p-elF2a and ATF4 were
performed in cell lysates. *P < 0.05, P < 0.01 vs. Ctrl siRNA; #P < 0.05 vs. PPARB/3 siRNA; TP < 0.05 vs. cells transfected with PPARB/5
siRNA incubated with I1gG; &P < 0.05, &&&P < 0.001 vs. cells transfected with PPARB/S siRNA coincubated with IgG and Tunic.

306



diabetes.diabetesjournals.org

1250

Zarei and Associates 3193

125

o *
A % 1000 B E 1004 —1— #
-
g > 750 & p—
2 g . cT HFD _ _HFD+GW S8 ok
o
5w GhpDH T 2
e . i
¢ & & ¢ & &
&‘? q\@
3 ©
S
X &
&
=acT
0
CT HFD HFD+GW P . HFD
PPARB/G 7% @ ®e & - DR WSS T E=1 HFD+GW501516
PGClg === =—— aw — — — ©
REV-ERB o === s — — — — — ,_—!
ATF4 e e——— <
LAMIN B == v o o o s o v =
T
150 %* 800 *% cT
» T Il Palmitate
z T 600
&1 HFD HFD+GW & _ ™[ 5w
HR| o s s i — o s— — g§ gézzz *odek
GAPDH = e e c— m— ———— % % o P
L ] ]
A ©
[¥) ng N‘b\ é‘fr\ ?‘SQb
{\@ <
O
S
F dokok
CT Palmitate = 1% et
Y e —————— E 850 Il Palmitate
el T T r—— 400
R iz 3001 Fodkk I
e T = 200
p-elF20 o = a *
elF2o —— e — N — ‘é 100 * * *
ATF4 — e — &
B-ACTIN S s s——— 0
™
Q‘b 0'\6' {00' Qg' Q'\fo' éh
FF & FOF
< q_@ Q\Q‘L
<

Figure 5—The increase in hepatic Fgf21 expression caused by feeding an HFD is associated with a reduction in PPARB/3 and subsequent
activation of the HRI-elF2a-ATF4 pathway. Male mice were fed a standard chow or an HFD with or without GW501516 (GW) (3 mg - kg™ " -
day ™). Animals were killed after 3 weeks of treatment. A: Assessment by quantitative real-time RT-PCR of hepatic Fgf21. Data are
mean = SD (n = 6/group) relative to the control (CT) group. B-D: Immunoblot analyses are shown for MUP1; PPARB/3, PGC-1a, REV-
ERBa, and ATF4; and HRI. Data are mean * SD (n = 6/group). *P < 0.05, **P < 0.01, **P < 0.001 vs. CT group; #P < 0.05, ##P < 0.01,

###P < 0.001 vs. mice fed an HFD. E: Huh-7 hepatocytes were incubated

for 16 h in the absence (CT) or presence of 0.5 mmol/L palimitate. mRNA

abundance of FGF21 and ATF4 was measured. Data are mean = SD (n = 6 per group). F: Immunoblot analyses of PPARB/3, PGC-1a,, REV-ERBq,
HRI, total and phospho (p)-elF2«, and ATF4. Data are mean = SD (n = 5/group). *P < 0.05, *P < 0.01, *P < 0.001 vs. CT group.

compound, and this effect was attenuated in the pres-
ence of the FGF21-neutralizing antibody (Fig. 7B and
Supplementary Fig. S5A). Similar effects were observed in
mouse Hepa-1c1c7 hepatocytes (Supplementary Fig. 5B).
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Likewise, this compound partially restored the reduction
in insulin-stimulated Akt phosphorylation caused by pal-
mitate (Fig. 7C and Supplementary Fig. 5C), showing that
this drug treatment prevents SFA-induced attenuation of
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Figure 6 —HRI activators increase FGF21 expression in hepatocytes. Huh-7 hepatocytes were incubated for 16 h in the absence (control
[CT]) or presence of 10 wmol/L of either BTACPU or BTCtFPU. mRNA abundance of FGF21 (A), ATF4 (B), and CHOP (C). Immunoblot

analyses of BiP, total and phospho (p)-elF2«, and ATF4 (D). Fgf21

mRNA abundance (E) and immunoblot analyses (F) of BiP total and

p-elF2« and ATF4 in the livers of mice treated with DMSO (vehicle) or BTdCPU (70 mg - kg™ - day ") for 7 days. Glut1 mRNA abundance
in white adipose tissue of mice treated with DMSO (vehicle) or BTdCPU (70 mg - kg~ ' - day ") for 7 days (G). Data are mean = SD (n =

5/group). *P < 0.05, P < 0.01, **P < 0.001 vs. CT group.

the insulin signaling pathway. Next, we examined the
effects of the BTdCPU compound in mice fed an HFD.
BTdCPU administration prevented the glucose intolerance
caused by HFD feeding (Fig. 7D), increased Glutl expression
in white adipose tissue (Fig. 7E), and prevented hepatic
steatosis as demonstrated by ORO and hematoxylin-eosin
staining and quantification of hepatic triglyceride levels (Fig.
7F and G). Drug treatment did not affect the expression of

PPAR«-target genes (Supplementary Fig. 5D and E), whereas
the expression of the lipogenic gene fatty acid synthase (Fas)
and stearoyl-CoA desaturase 1 (Scd1) was reduced (Supple-
mentary Fig. 5F and G), which is consistent with the re-
ported reduction of these genes by FGF21 (46).

To demonstrate more clearly that the improvement in
glucose tolerance and hepatic steatosis caused by the
administration of the HRI activator in mice fed an HFD
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Figure 7—HRI activation prevents HFD-induced glucose intolerance and hepatic steatosis. Huh-7 cells were incubated for 24 h with BSA
(control [CT]), 0.75 mmol/L palmitate (Pal) conjugated with BSA, or 0.75 mmol/L Pal plus 10 umol/L BTdCPU. A: mRNA levels of FGF21,
ATF4, and CHOP. Data are mean =+ SD (n = 5/group). **P < 0.01, **P < 0.001 vs. CT group; #P < 0.05, ###P < 0.001 vs. Pal-exposed
cells. B: ORO staining of Huh-7 cells. Huh-7 cells were incubated for 24 h with BSA (CT), 0.75 mmol/L Pal conjugated with BSA,
0.75 mmol/L Pal plus 10 wmol/L BTdCPU, and IgG (8 ng/mL) or 0.75 mmol/L Pal plus 10 wmol/L BTdCPU and an FGF21-neutralizing
antibody (Ab) (3 pg/mL). C: Immunoblot analyses of total and phosphorylated (p) Akt. When indicated, cells were incubated with 100 nmol/L
insulin for the last 10 min. Data are mean = SD (n = 4/group). *P < 0.05, **P < 0.001 vs. CT cells not exposed to insulin; ##P < 0.01,
###P < 0.001 vs. insulin-stimulated CT cells; T11P < 0.001 vs. insulin-stimulated cells incubated with Pal. D: Glucose tolerance test and
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depends on FGF21, we used wild-type and Fgf21-null
mice. The reduction in glucose intolerance observed in
wild-type mice fed an HFD caused by administration of
the HRI activator was completely abolished in Fgf21-null
mice (Fig. 84), suggesting that in the absence of FGF21, the
effect of the HRI activator on glucose tolerance is lost.
Similarly, the reduction in hepatic triglyceride accumula-
tion in wild-type mice fed an HFD caused by BTdCPU
administration was suppressed in Fgf21-null mice, as dem-
onstrated by the analysis of the levels of triglycerides and
the ORO and hematoxylin-eosin staining (Fig. 8B and C).

DISCUSSION

FGF21 has emerged as an important regulator of glucose
and lipid metabolism and, hence, is a promising agent for
the treatment of obesity, NAFLD, insulin resistance, and
type 2 diabetes . Unraveling the mechanisms that regulate
Fgf21 expression in liver may provide pharmacological
targets for modulating its expression to prevent metabolic
diseases. In this study, we demonstrate that Ppar3/6-null
mice show enhanced hepatic Fgf21 expression and circu-
lating levels of this hormone. Pparf3/6 deficiency caused a
reduction in transcriptional coactivator PGC-la levels
that resulted in a reduction in hemin levels and the sub-
sequent activation of HRI and the elF2a-ATF4 pathway,
which is essential for Fgf21-induced expression (Fig. 8D).
Likewise, activation of this pathway could be an additional
mechanism that contributes to the increase in Fgf21 ex-
pression under lipid overload conditions. The findings re-
veal HRI as a regulator of Fgf21 expression and, consistent
with this, knockdown of Hri or its pharmacological activa-
tion regulate Fgf21 expression in hepatocytes.

The finding that Ppar3/6 deficiency upregulates Fgf21
expression in liver was unexpected because it has previ-
ously been reported that pharmacological activation of
this nuclear receptor increases FGF21 levels (20). The
latter is consistent with the discovery of two putative
peroxisome proliferator response elements in the mouse
and human FGF21 promoters (47) and that both PPAR«a
and PPARY activators increase FGF21 levels in hepato-
cytes and adipocytes, respectively. However, genetically
reduced PGC-la, a transcriptional coactivator that con-
trols the expression and activity of PPARs and is regulated
by these transcription factors, likewise results in in-
creased FGF21 levels (18). In fact, reduced hepatic PGC-
la upregulates Fgf21 expression by reducing REV-ERBa
and the levels of its ligand heme. This alleviated the re-
pressive activity of REV-ERBa on the Fgf21 promoter,
leading to enhanced Fgf21 expression. In the current
study, we show that PparB/6 deficiency results in a
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reduction in PGC-la levels that leads to a reduction in
REV-ERBa and hemin, the oxidized form of heme, sug-
gesting that this mechanism can also contribute to an in-
crease in Fgf21 expression in the liver of Pparf/6-null
mice. In addition, the current findings reveal a new bio-
chemical pathway that can contribute to the enhanced ex-
pression of Fgf21 in the liver of these mice. Indeed, the
reduction in heme can increase HRI levels (42), which
in turn can activate the elF2a-ATF4 pathway where the
increase in ATF4 is one of the most important transcrip-
tion factors that upregulate Fgf21 expression. In fact, over-
expression of ATF4 has been reported to induce Fgf21
expression (19), whereas knockdown of Atf4 reduces basal
and ER stress-induced Fgf21 expression (48). Therefore,
the current findings indicate that Pparf3/d deficiency in
liver results in increased levels of ATF4 and a subsequent
increase in Fgf21 expression. The increase in ATF4 levels
seems to be a crucial step in Fgf21 upregulation because
this transcription factor is involved in the increase of this
hormone in impaired mtOXPHOS induced by autophagy
deficiency (19), ER stress (48), metformin-induced inhibi-
tion of the mitochondrial respiratory chain (49), and now
PPARPB/8-PGC-1a deficiency as shown in the current study.

As has been demonstrated by injection of recombinant
FGF21 (43), the elF20-ATF4 pathway is activated by ER
stress, which leads to enhanced Fgf21 expression that in turn
alleviates ER stress by suppressing this el[F20-ATF4 pathway.
By using a neutralizing antibody against FGF21, we confirm
that this negative feedback is also activated by FGF21.

Of note, the reduction in PPARB/8 and PGC-1a follow-
ing exposure to an HFD might also contribute to in-
creased Fgf21 expression. In fact, livers of mice exposed
to an HFD or hepatocytes exposed to the SFA palmitate
showed reduced PPARB/8 and PGC-1a levels, resulting in
an increase in the levels of HRI and subsequent activation
of the elF2a-ATF4 pathway. These findings suggest that
activation of this pathway could also contribute to the
increase in FGF21 in those conditions associated with fat
overfeeding, such as obesity, type 2 diabetes, and NAFLD,
which show increased levels of this hormone (7-9). In
contrast, activation of PPARB/® under conditions of lipid
overload recovers PGC-1a levels and attenuates the elF2a-
ATF4 pathway, restoring Fgf21 expression.

The regulation of FGF21 by HRI provides a target for
regulation of the levels of this hormone to prevent or
treat metabolic diseases, including NAFLD, insulin re-
sistance, and diabetes. N,N’-diarylureas are activators of
HRI that cause phosphorylation of elF2a, which were de-
veloped as anticancer drugs (24). Here, we show that
these drugs can increase Fgf21 expression in hepatocytes

area under the curve (AUC) of mice fed a standard chow, an HFD for 3 weeks, or an HFD for 3 weeks plus BTACPU during the last week.
Mice fed a standard chow and one-half of the mice fed the HFD received one daily intraperitoneal administration of DMSO (vehicle) for the
last week. The rest of the mice fed the HFD received one daily intraperitoneal administration of BTACPU (70 mg - kg~ - day ") for the last week.
Data are mean = SD (n = 6/group). E: Glut? mRNA abundance in the white adipose tissue. F: Hematoxylin-eosin (H & E) and ORO staining of
livers. G: Liver triglyceride levels. *P < 0.05, P < 0.01 vs. mice fed a standard diet (CT); #P < 0.05, ###P < 0.001 vs. mice fed an HFD.
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Figure 8—The beneficial effects of HRI pharmacological activation in glucose intolerance and hepatic steatosis depend on FGF21. A:
Glucose tolerance test and area under the curve (AUC) of wild-type (WT) and Fgf21-null mice fed a standard chow diet, an HFD for 3 weeks,
or an HFD for 3 weeks plus BTdCPU during the last week. Mice fed a standard chow and one-half of the mice fed the HFD received one
daily intraperitoneal administration of DMSO (vehicle) for the last week. The rest of the mice fed the HFD received one daily intraperitoneal
administration of BTACPU (70 mg - kg~ ' - day ™) for the last week. Data are mean + SD (n = 5/group). B: Liver triglyceride levels. C:
Hematoxylin-eosin (H & E) and ORO staining of livers. *P < 0.05, **P < 0.001 vs. WT mice fed a standard diet (control); #P < 0.05, ##P <
0.01 vs. mice fed an HFD; 1P < 0.05, 1P < 0.01 vs. Fgf21-null mice fed a standard diet. D: Schematic representation of the potential role
of Pparp/8 deficiency in the regulation of hepatic Fgf21 expression through activation of the HRI-elF2a-ATF4 pathway. PparB/é deficiency
and overconsumption of HFD can result in the activation of this pathway, contributing to the increase in Fgf21 expression observed under

these conditions.

and that their administration to mice fed an HFD pre-
vents the accumulation of triglycerides in liver and
improves glucose intolerance. This is consistent with
liver-specific Fgf21 knockout mice fed an HED displaying
glucose intolerance and increased hepatic lipid accumula-
tion (14). Moreover, we demonstrate that the improve-
ment in glucose tolerance and hepatic steatosis caused by
the HRI activator BTdCPU in mice fed an HFD depends
on FGF21 because it was not observed in Fgf21-null mice.

In summary, we propose that PparB3/6 deficiency re-
sults in a reduction in hepatic PGC-1la and hemin levels
that in turn increase HRI levels, leading to activation of
the elF2a-ATF4 pathway and a subsequent increase in
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Fgf21 expression. Moreover, pharmacological activation
of HRI increases Fgf21 expression, and treatment with a
drug that activates HRI prevents glucose intolerance and
hepatic triglyceride accumulation in mice fed an HFD.
These findings point to HRI as a target for the treatment
of metabolic diseases by modulating FGF21 levels.
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Supplementary Materials

The research complied with the Guide for the Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No. 85-23, revised 1996). All procedures were approved
by the University of Barcelona Bioethics Committee, as stated in Law 5/21 July 1995 passed by the
Generalitat de Catalunya.

Reagents

Control and HRI siRNA were purchased from Santa Cruz (Dallas, TX) and PPARB/S siRNA from GE
Dharmacon (Lafayette, CO). Human and mouse FGF21 neutralizing antibodies were purchased from
Antibody and Immunoassays Services (Hong Kong, China).

Plasma FGF21 was measured using a rat/mouse FGF21 ELISA kit (Millipore, Bedford, MA). Serum
glucose (Bayer Iberia, Sant Joan Despi, Spain), triglyceride (Sigma) and free fatty acid (FFA) (Wako,
Japan) levels were measured using commercial Kkits.

Cell culture

Human HepG2 and Huh-7 and mouse Hepalclc7 cells were purchased from the ATCC and cultured in
DMEM supplemented with 10% serum, at 37°C/5% CO2. siRNA transfections were performed with
Lipofectamine 2000 (Life Technologies).

Synthesis of N,N’-diarylureas
Step 1. (2-Amino-5-nitrophenyl) disulphide 2

15 g (83.4 mmol) 6-nitrobenzothiazole 1 was suspended in abs. ethanol (300 mL). Hydrazine hydrate
(30 mL, 600 mmol) was added and the mixture was refluxed for 2 h, converting from a yellow mixture
to a dark red solution. The reaction was cooled to 30 °C and 50% hydrogen peroxide (16.2 mL) was
added in small portions, maintaining the temperature with an ice water bath. On completion, the red
color disappeared and a yellow precipitate formed. The suspension was stirred for 1 h, the precipitate
was collected, washed with water and diethyl ether, and dried to give 11.71 g of product 2. Yield:
83.5%. 1H-NMR (400 MHz, DMSO) ¢: 6.85 (d, ] =9.2 Hz, 2 H, 3-H), 7.21 (b. s., 4 H, NH2), 7.51 (d, J
=2.6 Hz, 2 H, 6-H), 7.99 (dd, ] =9.2 Hz, J’ = 2.6 Hz, 2 H, 4-H).

Step 2. 6-Nitro-1,2,3-benzothiadiazole 3

11.68 g (34.5 mmol) (2-amino-5-nitrophenyl) disulphide 2 was dissolved in concentrated sulfuric acid
(96 mL), chilled to 0 °C, and 5.45 g (86.3 mmol) sodium nitrite was added in small portions, while the
temperature was kept under 10 °C. The reaction was allowed to warm to room temperature and stirred
for 18 h. The reaction mixture was poured into a mixture of 650 g ice and water (65 mL), stirred for 1 h,
and the pale brown precipitate was collected, then washed with water and diethyl ether. The crude
product was taken up in dichloromethane (1 x 300 mL), filtered, and the filtrate was treated with a small
amount of charcoal (1 g), filtered, and evaporated to give 5.29 g of a brown solid. Yield: 42.3% NMR:
90%. Column chromatography on alumina (Hexane 95%/Ethyl acetate 5% mixture) gave product 3 as a
yellow solid (3.45 g). IH-NMR (400 MHz, CDCI3) &: 8.51 (dd, J =9.2 Hz, J’ =2.0 Hz, 1 H, 5-H), 8.80
(d, J=9.2 Hz, 1 H, 4-H), 9.04 (d, ] = 2.0, 1 H, 7-H). 13C-NMR (100.5 MHz, CDCIl3) é: 115.7 (CH,
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C7), 122.0 (CH, C5), 124.8 (CH, C4), 141.1 (C, C3a), 147.7 (C, C7a), 159.5 (C, C6).
Step 3. 6-Amino-1,2,3-thiadiazole 4

2 g (11.0 mmol) 6-nitro-1,2,3-benzothiadiazole 3 was added to a solution of 10.6 g tin (II) chloride in
concentrated hydrochloric acid (16 mL) at 55 °C, using a water bath to maintain that temperature. The
reaction mixture was heated to 70 °C for 10 min, then cooled to 4 °C and let stand for 18 h. The
crystalline precipitate was collected and washed with ice cold water. The solid was dissolved in water
(40 mL) and 10 N sodium hydroxide (10 mL) was added followed by ethyl acetate (30 mL) and the
mixture was stirred for 15 min. The layers were separated; the aqueous layer was extracted with, then
ethyl acetate (1 x 30 mL, 1 x 20 mL). The organic layers were combined, washed with saturated brine (1
x 20 mL), water (1 x 20 mL) and evaporated to give 0.97 g of product 4. Yield: 58%. 1H-NMR (400
MHz, CDCI3) 3: 4.20 (b. s., 2 H, NH2), 6.92 (dd, J =9.2 Hz, )’ =2.4 Hz, 1 H, 5-H), 7.13 (d, ] = 2.4 Hz,
1 H, 7-H), 8.34 (d, ] = 9.2, 1 H, 4-H). 13C-NMR (100.5 MHz, CDCI3) ¢: 100.4 (CH, C7), 117.0 (CH,
C5), 124.5 (CH, C4), 143.8 (C, C3a), 148.1 (C, C7a), 152.9 (C, C6).

1.44 g (7.9 mmol) 6-nitro-1,2,3-benzothiadiazole 3 was added to a solution of 7.6 g tin (II) chloride in
concentrated hydrochloric acid (12 mL) at 55 °C, using a water bath to maintain that temperature. The
reaction mixture was heated to 70 °C for 10 min, then cooled to 4 °C and let stand for 18 h. The
crystalline precipitate was dissolved in water (20 mL) and 10 N sodium hydroxide (5 mL) was added
followed by ethyl acetate (20 mL) and the mixture was stirred for 15 min. The layers were separated; the
aqueous layer was extracted with, then ethyl acetate (1 x 20 mL, 1 x 10 mL). The organic layers were
combined, washed with saturated brine (1 x 20 mL), water (1 x 20 mL) and evaporated to give 0.84 g of
product 4. Yield: 70%

Step 4a. 1-(1,2,3-Benzothiadiazol-6-yl)-3-(4-chloro-3-(trifluoromethyl)phenyl)urea 5

0.5 g (3.31 mmol) 6-Amino-1,2,3-thiadiazole 4, and 0.81 g (3.64 mmol) 4-chloro-3-
(trifluoromethyl)phenyl isocyanate were dissolved in tetrahydrofuran (13 mL), and stirred at room
temperature for 2.5 h; a white precipitate formed. IR (ATR) v: 659, 679, 720, 749, 782, 812, 840, 863,
875, 910, 949, 1026, 1130, 1173, 1220, 1249, 1268, 1321, 1352, 1403, 1469, 1484, 1545, 1573, 1708,
3094, 3132, 3266, 3302, 3339. IH-NMR (400 MHz, CDCI3) &: 7.63-7.67 (c. s., 2 H, 5’-H, 6’-H), 7.69
(dd, J=9.2 Hz, J’ =2.0 Hz, 1 H, 5-H), 8.17 (d, J = 2.0 Hz, 1 H, 2°-H), 8.59 (d, J = 9.2 Hz, 1 H, 4-H),
8.63 (d,J=2.0,1H, 7-H), 9.38 (b. s., 1 H, NH), 9.52 (b. s., 1 H, NH). 13C-NMR (100.5 MHz, CDCI3)
d: 106.8 (CH, C7), 117.0 (q, J = 6.1 Hz, CH, C2’), 119.8 (CH, C5), 122.76 (q, J = 273.2 Hz, C, CF3),
122.83 (q, J = 2.0 Hz, C, C4’), 123.3 (b. s., CH, C5°), 123.6 (CH, C4), 126.7 (q, J = 31.0 Hz, C, C3’),
132.0 (CH, C6°), 138.9 (C, CI"), 140.8 (C, C3a), 142.2 (C, C7a), 152.2 (C, C6), 153.8 (C, CO). Calcd
for C14H8CIF3N40S - 2/3 H20: C 43.70, H 2.45, N 14.56. Found: C 43.75, H 2.43, N 14.60.

Step 4b. 1-(1,2,3-Benzothiadiazol-6-yl)-3-(3,4-dichlorophenyl)urea 6

0.5 g (3.31 mmol) 6-Amino-1,2,3-thiadiazole 4, and 0.68 g (3.64 mmol) 3,4dichlorophenyl isocyanate
were dissolved in tetrahydrofuran (13 mL), and stirred at room temperature for 2.5 h; a white precipitate
formed. Methanol (0.3 mL) was added and the mixture was stirred for 15 min, cooled to 0 °C in an ice-
water bath, stirred for 30 min, and the precipitate was collected and washed with ice cold
tetrahydrofuran to give 0.71 g of product 6 (68% yield), mp 267 — 269 °C (dec). IR (ATR) v: 685, 731,
746, 805, 856, 881, 910, 1026, 1060, 1129, 1220, 1265, 1304, 1351, 1385, 1417, 1455, 1467, 1531,
1567, 1673, 3098, 3171, 3306. IH-NMR (400 MHz, CDCI3) &: 7.38 (dd, J =9.2 Hz, J’ = 2.4 Hz, 1 H,
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6>-H), 7.55 (d, J=9.2 Hz, 1 H, 5°-H), 7.69 (dd, J=9.2 Hz, 1 H, J’ = 2.0 Hz, 1 H, 5-H), 7.91 (d, J = 2.4
Hz, 1 H, 2>-H), 8.56-8.60 (c. s., 2 H, 4-H, 7-H), 9.20 (b. s., 1 H, NH), 9.47 (b. s., 1 H, NH). 13C-NMR
(100.5 MHz, CDCI3) &: 106.7 (CH, C7), 118.6 (CH, C6°), 119.6 (CH, C2°), 119.7 (CH, C5), 123.58 (C,
C4), 123.64 (C, C4), 130.6 (CH, C6°), 131.1 (C, C3°), 731, 746,139.5 (C, C1°), 140.8 (C, C3a), 142.2
(C, C7a), 152.1 (C, C6), 153.8 (C, CO). Caled for C13H8CI2N40S: C 46.03, H 2.38, N 16.52. Found: C
45.89, H 2.36, N 16.10.
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Supplementary Figure 1. A, liver cell lysates from male wild-type and PPARB/d-null mice were
assayed for Western-blot analysis with antibodies against MUP-1 and [-actin. Data are presented as the
mean + S.D. (n=6 per group) relative to the wild-type mice. Serum free fatty acids (FFA) (B) and
glucose (C) levels in wild-type and PPARB/d-null mice. D, mRNA levels of hepatic Ppara, Acoxl and
Mecad. E, mRNA abundance of Chop, Orp150 and Atf3. F, immunoblot analyses of total and phospho-
IRE1. Data are presented as the mean + S.D. (n=6 per group). G, PPAR//6 mRNA abundance in
primary hepatocytes transfected with control siRNA or PPARB/S siRNA for 24 h. = p<0.001 and
**p<0.01 vs. wild-type mice.
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Supplementary Figure 2. A, Male wild-type and PPAR[/5-null mice at 12 weeks of age were treated
for 24 h through intraperitoneal injection with DMSO (vehicle) or tunicamycin (Tunic) (3 mg kg body
weight) and the mRNA abundance of hepatic BiP was determined. B, male wild-type mice were injected
intraperitoneally with IgG or a neutralizing antibody (Ab) against FGF21. Immunoblot analyses of total
and phospho-elF2a. Data are presented as the mean = S.D. (n=6 per group). Male wild-type and
PPARP/6-null mice were injected intraperitoneally with IgG or a neutralizing antibody (Ab) against
FGF21 together with DMSO or tunicamycin (Tunic) (3 mg kg™ body weight). Mice were sacrificed at
14 h after treatment. mRNA abundance of hepatic BiP (C) and A#f3 (D). Data are presented as the mean
+ S.D. (n=6 per group). E, immunoblot analyses of hepatic BiP. Data are presented as the mean + S.D.
(n=4 per group).  p<0.001, “p<0.01 and "p<0.05 vs. PPARpB/5-null mice treated with IgG and DMSO.
#5<0.001, "p<0.01 and "p<0.05 vs. PPARB/5-null mice treated with neutralizing antibody against
FGF21 and DMSO. "p<0.001 vs. PPARP/3-null mice treated with IgG and tunicamycine.
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Supplementary Figure 3. Male mice were fed a standard chow or HFD with or without GW501516 (3
mg kg day™). Animals were sacrificed after three weeks of treatment. A, Immunoblot analyses of BiP.
B, hemin levels. Data are presented as the mean + S.D. (n=6 per group).
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Supplementary Figure 4. Huh-7 hepatocytes were incubated for 24 h in the absence (Control, CT) or in
the presence of 10 pmol/L of either BTdCPU or BTCtFPU. mRNA abundance of PPARa (A), ACOX
(B), MCAD (C) and BiP (D Data are presented as the mean = S.D. (n=5 per group).
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Supplementary Figure 5. Oil Red O staining of Huh-7 (A) and Hepalclc7 (B) hepatocytes. Cells were
incubated for 24 h with BSA (Control, CT), 0.75 mmol/L palmitate (Pal) conjugated with BSA, 0.75
mmol/L palmitate plus 10 pmol/L BTdCPU and IgG (3 pg/ml) or 0.75 mmol/L palmitate plus 10
pmol/L BTdCPU and a FGF21 neutralizing antibody (Ab) (3 pg/ml). C, immunoblot analyses of total
and phosphorylated Akt at Thr’®®. When indicated, cells were incubated with 100 nmol/L insulin for the
last 10 min. Data are presented as the mean = S.D. (n=4 per group). ~ p<0.001 and ~p<0.01 vs. control
cells not exposed to insulin. “p<0.001 and *p<0.01 vs. insulin-stimulated control cells. 'p<0.05 vs.
insulin-stimulated cells incubated with palmitate. mRNA abundance of MCAD (D), ACOX (E), FAS (F)
and SCD1 (G) in the livers of mice fed a standard chow, a HFD for three weeks or a HFD for three
weeks plus BTACPU during the last week. Mice fed a standard chow and half of the mice fed the HFD
received one daily i.p. administration of DMSO (vehicle) for the last week. The rest of the mice fed the
HFD received one daily 1.p. administration of BTdCPU (70 mg kg-1 day-1) for the last week. Data are
presented as the mean + S.D. (n=5 per group).  p<0.01 and ‘p<0.05 vs. mice fed a standard diet (CT).
"p<0.05 vs. mice fed a HFD.
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Supplementary Table 1. Primer sequences used for real-time RT- PCR

Gene Primers

mAprt for 5’-CAGCGGCAAGATCGACTACA-3’

rev 5’-AGCTAGGGAAGGGCCAAACA-3’
mAtf3 for 5’-CTGGAGATGTCAGTCACCAAGTCT-3’

rev 5’-TTTCTCGCCGCCTCCTTT-3’
mAtf4 for 5’-AGCAAAACAAGACAGCAGCC-3’

rev 5’-ACTCTCTTCTTCCCCCTTGC-3’
hATF4 for 5’-GCGGGCTCCTCCGAAT-3’

rev 5’-ATCCTCCTTGCTGTTGTTGGA-3’
mAcox for 5’-TCTGGAGATCACGGGCACTT-3’

rev 5’-TTTCCAAGCCTCGAAGATGAG-3’
hACOX for 5’-GGAAAAAAACTCGGGCAGAAC-3’

rev 5’-TGGCGAGGAACTCTGACCTT-3’
mp-Klotho for 5'-TGGGGTCCCATTGGATAGAG-3"

rev 5'-ACTCAGGGTAGTCGCCGTC-3"
mBip for 5'-CAGATCTTCTCCACGGCTTC-3"

rev 5'-GCAGGAGGAATTCCAGTCAG-3'
hBIP for 5'-ACTATTGCTGGCCTAAATGTTATGAG-3"

rev 5'-TTATCCAGGCCATAAGCAATAGC-3
mBmall for 5'-ACGACATAGGACACCTCGCAGA-3"

rev 5'-CGGGTTCATGAAACTGAACCATC-3°
mChop for 5'-CGAAGAGGAAGAATCAAAAACCTT-3"

rev 5"-GCCCTGGCTCCTCTGTCA-3"
hCHOP for 5'- GGAAATGAAGAGGAAGAATCAAAAAT-3

rev 5-GTTCTGGCTCCTCCTCAGTCA-3"
mFas for 5'-CATTGGTGGTGTGGACATGGT -3°

rev 5'-GACCGCTTGGGTAATCCATAGA-3"
hFGF21 for 5'-ACCAGAGCCCCGAAAGTCT-3"

rev 5'-CTTGACTCCCAAGATTTGAATAACTC-3"
mFgfric for 5'-TGTTTGACCGGATCTACACACA-3"

rev 5'-CTCCCACAAGAGCACTCCAA-3"
mGlutl for 5'-GCCCCCAGAAGGTTATTGA-3"

rev 5-CGTGGTGAGTGTGGTGGAT-3"
hGAPDH for 5'-GGCCTCCAAGGAGTAAGACC-3°

rev 5'-AGGGGTCTACATGGCAACTG-3"
mHmgcs2 for 5-TCTTTTCATTCCGAGTGTCCA-3"

rev 5'-ATCTGACACACTAGACACCAGTTTCTC-3"
mHsd3b5 for 5'-GCTCTTGGAAACCACAAGGAAC-3'

rev 5'-GACAATCCTCTGGCCAAGAAAC-3"
mL-cptla for 5'-GCAGAGCACGGCAAAATGA-3"

rev 5'-GGCTTTCGACCCGAGAAGAC-3°
mMcad for 5'-TGACGGAGCAGCCAATGA-3"

rev 5'-ATGGCCGCCACATCAGA-3’
hMCAD for 5'-CCCAGTGGCTGCAGAATATGAT-3"
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rev 5-AAACCAAGTTCCCAGGCTCTTC-3

mMup1 for 5'-CAAAACAGAAAAGGCTGGTGA-3
rev 5-TTGTGCAAACCTTTCCTTGA-3"
mOrpl50 for 5"-CACTGCACAGAACGTCATGTTCT-3"

rev 5-GGTGACGATGGTGCACACA-3
mRev-Erb a for 5-GGACAACCAGCCCTCAGTTC-3
rev 5-GCAGCTTCGGACCCATGTT-3"
hREV-ERB o for 5-ATGACCAAGTCACCCTGCTTAG-3"
rev 5-TCTGGTCCTTCACGTTGAACAA-3’

mPpara for 5-CAAGGCCTCAGGGTACCACTAC-3
rev 5'-GCCGAATAGTTCGCCGAAA-3°
hPPARa for 5-TGAAGTTCAATGCACTGGAACTG-3"
rev 5"-GGACGATCTCCACAGCAAATG-3"
mPparp/o for 5-GCCACAACGCACCCTTTG-3
rev 5'-CCACACCAGGCCCTTCTCT-3
mScd] for 5-CTGTACGGGATCATACTGGTTC-3"

rev 5'-GCCGTGCCTTGTAAGTTCTG-3"
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Hepatic requlation of VLDL receptor by PPARB/6 and FGF21
modulates non-alcoholic fatty liver disease
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Abstract:

Objective: The very low-density lipoprotein receptor (VLDLR) plays an important role in the
development of hepatic steatosis. In this study, we investigated the role of Peroxisome
Proliferator-Activated Receptor (PPAR) B/6 and fibroblast growth factor 21 (FGF21) in hepatic
VLDLR regulation.

Methods: Studies were conducted in wild-type and Ppar B/&-null mice, primary mouse
hepatocytes, human Huh-7 hepatocytes, and liver biopsies from control subjects and patients
with moderate and severe hepatic steatosis.

Results: Increased VLDLR levels were observed in liver of Ppar B/6-null mice and in Ppar B/6-
knocked down mouse primary hepatocytes through mechanisms involving the heme-regulated
eukaryotic translation initiation factor 2a (elF2a) kinase (HRI), activating transcription factor
(ATF) 4 and the oxidative stress-induced nuclear factor (erythroid-derived 2)-like 2 (Nrf2)
pathways. Moreover, by using a neutralizing antibody against FGF21, Fgf21-null mice and by
treating mice with recombinant FGF21, we show that FGF21 may protect against hepatic
steatosis by attenuating endoplasmic reticulum (ER) stress-induced VLDLR upregulation. Finally,
in liver biopsies from patients with moderate and severe hepatic steatosis, we observed an
increase in VLDLR levels that was accompanied by a reduction in PPAR B/6 mRNA abundance
and DNA-binding activity compared with control subjects.

Conclusions: Overall, these findings provide new mechanisms by which PPAR B/6 and FGF21
regulate VLDLR levels and influence hepatic steatosis development.
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ABSTRACT

Objective: The very low-density lipoprotein receptor (VLDLR) plays an important role in the development of hepatic steatosis. In this study, we
investigated the role of Peroxisome Proliferator-Activated Receptor (PPAR)B/d and fibroblast growth factor 21 (FGF21) in hepatic VLDLR
regulation.

Methods: Studies were conducted in wild-type and Ppar3/-null mice, primary mouse hepatocytes, human Huh-7 hepatocytes, and liver
biopsies from control subjects and patients with moderate and severe hepatic steatosis.

Results: Increased VLDLR levels were observed in liver of Ppar3/6-null mice and in Ppar(/6-knocked down mouse primary hepatocytes through
mechanisms involving the heme-regulated eukaryotic translation initiation factor 2. (elF2a) kinase (HRI), activating transcription factor (ATF) 4
and the oxidative stress-induced nuclear factor (erythroid-derived 2)-like 2 (Nrf2) pathways. Moreover, by using a neutralizing antibody against
FGF21, Fgf21-null mice and by treating mice with recombinant FGF21, we show that FGF21 may protect against hepatic steatosis by attenuating
endoplasmic reticulum (ER) stress-induced VLDLR upregulation. Finally, in liver biopsies from patients with moderate and severe hepatic
steatosis, we observed an increase in VLDLR levels that was accompanied by a reduction in PPARG/ mRNA abundance and DNA-binding activity
compared with control subjects.

Conclusions: Overall, these findings provide new mechanisms by which PPARB/d and FGF21 regulate VLDLR levels and influence hepatic

steatosis development.
© 2017 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords VLDLR; PPAR; FGF21; ATF4; ER stress

1. INTRODUCTION worldwide epidemic proportions [1]. NAFLD encompasses a spectrum

of liver injuries ranging from hepatic steatosis, defined by the exces-
Non-alcoholic fatty liver disease (NAFLD) is currently the most common  sive accumulation of triglycerides in the liver, to the most severe
liver disorder, and its growing prevalence has increased to reach  condition of non-alcoholic steatohepatitis (NASH). In addition, NAFLD is
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an important risk factor for the development of obesity-related pa-
thologies including insulin resistance, type 2 diabetes mellitus (T2DM),
and cardiovascular diseases [2].

Hepatic triglyceride levels are regulated by multiple mechanisms such
as de novo synthesis, fatty acid oxidation, lipolysis, dietary fat con-
sumption, and the secretion and hepatic delivery of lipoprotein parti-
cles [3—5]. Recently, it has been reported that very low-density
lipoprotein receptor (VLDLR) plays an important role in the develop-
ment of hepatic steatosis [6]. VLDLR belongs to the low-density lipo-
protein (LDL) receptor family and is widely expressed in the brain,
heart, skeletal muscle, and adipose tissue, whereas its expression is
very low in the liver under normal conditions [7,8]. This receptor binds
apolipoprotein E (apoE) triglyceride-rich lipoproteins such as chylo-
microns, VLDL, and intermediate density lipoproteins, leading to lipid
entry into the cell through lipoprotein lipase (LPL)-dependent lipolysis
or receptor-mediated endocytosis [9—12]. As a result, a link has been
established between VLDLR levels and plasma triglyceride levels [13].
VLDLR-null mice are leaner, display normal blood lipids [14] and are
protected from obesity induced by HFD feeding or leptin deficiency
[15]. However, following fasting or exposure to a HFD, these animals
show increased plasma triglyceride levels [15,16]. In recent years, it
has been reported that VLDLR is regulated by several transcription
factors, including Peroxisome Proliferator-Activated Receptor (PPAR) y
in adipose tissue [12] and hypoxia-inducible factor 1ot (HIF-1¢) in the
heart [17], contributing to lipid deposition in both tissues. In liver, the
upregulation of VLDLR levels has been reported to be dependent on the
activation of oxidative stress-induced nuclear factor (erythroid-derived
2)-like 2 (Nrf2) in alcoholic liver disease [18], whereas stimulation of
activating transcription factor 4 (ATF4) signaling during endoplasmic
reticulum (ER) stress induces hepatic steatosis via increase VLDLR by
enhancing lipoprotein delivery to the liver [6]. In addition, hepatic
VLDLR upregulation plays an essential role in the triglyceride-lowering
effect of fenofibrate through PPARo activation [19]. However, little is
known about the effects of PPARB/d on VLDLR regulation in the liver.
PPARP/O is a ligand-activated transcription factor involved in the
regulation of glucose and lipid homeostasis [20], and it has been
proposed as a therapeutic target for the treatment of metabolic syn-
drome [21]. Thus, genetic manipulation of PPARB/S as well as its
activation by agonists attenuate dyslipidemia and hyperglycemia,
improve whole-body insulin sensitivity, and prevent diet-induced
obesity [22]. In this study, we show that Ppar(/0 deficiency regu-
lates VLDLR levels through Nrf2 and ATF4-dependent mechanisms,
whereas fibroblast growth factor 21 (FGF21) deficiency exacerbates ER
stress-induced VLDLR levels, contributing to the progression of hepatic
steatosis. Finally, our findings show that in humans with severe he-
patic steatosis, increased levels of VLDLR accompany a reduction in
PPARP/S activity.

2. RESEARCH DESIGN AND METHODS

2.1. Reagents

Control, VLDLR, HRI, ATF4, and Nrf2 siRNA were purchased from Santa
Cruz (Dallas, TX) and PPARB/3 siRNA from GE Dharmacon (Lafayette,
C0). Mouse FGF21 neutralizing antibody was purchased from Antibody
and Immunoassays Services (Hong Kong, China) and human recom-
binant FGF21 from R&D Systems (Minneapolis, MN). Triglyceride levels
were measured using a commercial kit (Sigma, St. Louis, MO).

2.2. Mice

Male (8—9-wk old) Ppar3/> knockout (Ppar3/6~'~) mice and their
wild-type littermates (Ppar3/0/+) with the same genetic background
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(C57BL/6X129/SV) [23] and an initial weight of 20—25 g were fed a
standard diet. Genotyping was performed as previously described [23].
Wild-type and Ppar(/6-null mice were treated for 24 h through i.p.
injection with DMSO (vehicle) or tunicamycin (3 mg kg’1 body weight).
Likewise, male wild-type and PparB/-null mice at 12 wk. of age were
injected intraperitoneally with IgG (9 pg/mouse) or a neutralizing
antibody (9 pg/mouse) against FGF21 [24] together with DMSO or
tunicamycin (3 mg kg*1 body weight) and were sacrificed at 14 h after
treatment. In addition, male wild-type and Ppar3/4-null mice were
either fed a 30% fructose solution or plain tap water for 12 wk, as
previously described [25]. The hepatic content of malondialdehyde
(MDA) and hydrogen peroxide (Ho0-) were determined using the lipid
peroxidation (MDA) and Peroxidetect assay kits (Sigma), respectively.
Male (10-wk old) knockout (Fgf21~'~) mice [B6N; 129S5-Fgf21™-e%/
Mmcd] and their wild-type littermates (Fgf21+/+) were obtained from
the Mutant Mouse Regional Resource Center (MMRRC). For exami-
nation of the effect of FGF21 on VLDLR levels, male C57BL/6 mice at
12 wk of age were treated with DMSO or tunicamycin (1 mg kg’1 body
weight), and starting at 6 h before tunicamycin injection, recombinant
mouse FGF21 (PeproTech, London, UK) was administered intraperi-
toneally at 1 mg kg’1 body weight for a total of five times every 6 h.
Mice were sacrificed at 24 h after tunicamycin treatment. All animals
were killed under anesthetic conditions, and livers were snap-frozen in
liquid nitrogen immediately after resection and stored at —80 °C. The
research complied with the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (NIH Publi-
cation No. 85-23, revised 1996). All procedures were approved by the
University of Barcelona Bioethics Committee, as stated in Law 5/21
July 1995 passed by the Generalitat de Catalunya.

2.3. Cell culture

Human Huh-7 cells (a kindly gift from Dr. Mayka Sanchez from Josep
Carreras Leukaemia Research Institute) were cultured in DMEM sup-
plemented with 10% serum, at 37 °C/5% CO,. Primary mouse he-
patocytes were isolated from non-fasting male C57BL/6 mice (10—12
weeks old) by perfusion with collagenase as described elsewhere [26].
SiRNA transfections were performed with Lipofectamine 2000 (Life
Technologies).

2.4. Human samples

Subjects were recruited by the Gastroenterology Department at the
Shahid Beheshti University of Medical Sciences (Tehran, Iran) with
the approval of the Ethical Committee of the University Review Board
of the participating Taleghani Hospital. NAFLD subjects (Table S1)
were diagnosed according to WHO criteria. Patients were considered
as having potential liver steatosis if they had abnormal liver blood
tests. Alcohol consumption had to be less than 20 g/day for the past
5 years, as assessed using a standard questionnaire. In addition, liver
specimen had to be compatible with NAFLD [27], without any pattern
suggestive of other cause. Patients were not included if they had
another cause of chronic liver disease, complicated cirrhosis, or
received putative antifibrotic treatment in the past 6 months. Liver
biopsies were performed at Taleghani Hospital in 2012—2013 using
a Meghini 16 swg (1.6 mm) x 70 mm syringe. The material con-
sisted of 15 needle biopsies from adult patients. Specimens were
immediately sent for pathology assessment by routine procedures;
two biopsies were required to obtain an acceptable specimen. All the
biopsies were reviewed by the pathologist and the presence of
steatosis was graded in grade 0 with <5% of hepatocytes presenting
steatosis (control group) (n = 5), grade 2 with 33—66% of hepa-
tocytes presenting steatosis (n = 4), and grade 3 with more than
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66% steatotic hepatocytes (n = 6). Written informed consent was
obtained from each patient included in the study and the study
protocol conformed to the ethical guidelines of the 2013 Declaration
of Helsinki as reflected in a priori approval by the institution’s human
research committee.

2.5. RNA preparation and quantitative RT-PCR

The relative levels of specific mMRNAs were assessed by Real-Time
RT-PCR, as previously described [28]. Primer sequences used for
Real-Time RT-PCR are displayed in Table S2.

2.6. Immunablotting

Isolation of total and nuclear extracts was performed as described
elsewhere [28]. Proteins (30 1g) were separated by SDS-PAGE on 10%
acrylamide separation gels and transferred to Immobilon poly-
vinylidene difluoride membranes (Millipore). Western blot analysis was
performed using antibodies against VLDLR (sc-18824), Nrf2 (sc-722),
Ngo1 (sc-393736), ATF4 (sc-200) (Santa Cruz), VLDLR (AF2258) (R&D
system), elF2a (9722), phospho-elF2a. (Ser51) (9721), lgG control
(2729S) (Cell Signaling Technology Inc., Danvers, MA), actin (A5441)
(Sigma—Aldrich, Madrid, Spain). Detection was achieved using the
Western Lightning® Plus-ECL chemiluminescence kit (PerkinElmer,
Waltham, MA, USA). The equal loading of proteins was assessed by
Ponceau S staining. The size of detected proteins was estimated using
protein molecular-mass standards (Bio-Rad).

2.7. Electrophoretic mobility shift assay

The electrophoretic mobility shift assay (EMSA) was performed using
double-stranded oligonucleotide for the consensus binding site of
PPRE (Santa Cruz Biotechnology). Nuclear extracts (NE) were isolated
as previously reported [28]. Oligonucleotides were labeled by incu-
bating the following reaction at 37 °C for 2 h: 2 pL oligonucleotide
(1.75 pmol/pL), 2 pL of 5X kinase buffer, 1 pL of T4 polynucleotide
kinase (10 U/uL), and 2.5 L [y-22P] ATP (3,000 Ci/mmol at 10 mCi/
mL). The reaction was stopped by adding 90 pL of TE buffer (10 mmol/
L Tris—HCI, pH 7.4, and 1 mmol/L EDTA). To separate the labeled
probe from the unbound ATP, the reaction mixture was eluted in a Nick
column (GE Healthcare, Barcelona, Spain) according to the manufac-
turer’s instructions. Five micrograms of crude nuclear protein was
incubated for 10 min on ice in binding buffer (10 mmol/L Tris—HCI, pH
8.0, 25 mmol/L KCI, 0.5 mmol/L dithiothreitol, 0.1 mmol/L EDTA, pH
8.0, 5% (v:v) glycerol, 5 mg/mL BSA, and 50 pg/ml poly[dl-dC]) in a
final volume of 15 pL. Then, specific competitor oligonucleotide or
antibody for supershift assays were added and incubated for 15 min on
ice. Subsequently, the labeled probe (100,000 cpm) was added and
the reaction was incubated for an additional 15 min on ice. Finally,
protein-DNA complexes were resolved by electrophoresis at 4 °C on
5% (w:v) polyacrylamide gels in 0.5X Tris-borate-EDTA buffer and
subjected to autoradiography.

2.8. Hematoxylin-eosin and Qil Red and staining
We performed hematoxylin-eosin and Oil Red O staining as previously
reported [28]. ORO staining was quantified using Image J software.

2.9. Statistical analyses

Results are expressed as means + S.D. Significant differences were
established by two-way ANOVA using the GraphPad Instat program
(GraphPad Software V5.01) (GraphPad Software Inc., San Diego, CA).
When significant variations were found by two-way ANOVA, the
Tukey—Kramer multiple comparison post-test was performed. Dif-
ferences were considered significant at p < 0.05.
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3. RESULTS

3.1. Ppar/d~'~ mice show increased hepatic VLDLR levels

First, we examined whether Ppar(3/6-deficiency affected VLDLR levels.
VLDLR mRNA and protein levels were increased in the livers of Ppar(/
6=~ mice compared with wild-type littermates (Figure 1A and B). This
increase in VLDLR was accompanied by the presence of hepatic
steatosis in Pparﬂ/ﬁ’/’ mice compared to wild-type littermates, as
demonstrated by ORO and hematoxylin-eosin staining and hepatic
triglyceride quantification (Figure 1C and D), whereas differences in
plasma triglyceride levels did not reach statistical significance (data not
shown). In accordance with the observations in the liver of Ppar(/o-
deficient mice, siRNA knockdown of Ppar(3/0 in primary hepatocytes
(Figure S1B) led to enhanced Vidir mRNA and protein levels (Figure 1E
and F). Similarly, transfection of human Huh-7 hepatocytes with siRNA
against PPARGB/0 caused a significant increase in VLDLR mRNA levels
(Figure 1G) and in cellular lipid accumulation (Figure 1H). Next, we
focused on ATF4 as the potential transcription factor responsible for
the increase in VLDLR in Ppar(/0-deficient cells. Although ATF4 is
activated by ER stress through eukaryotic translation initiation factor
20, (elF2at), the increase in phosphorylated elF2¢ and activation of its
downstream ATF4 signaling pathway can occur independently of ER
stress, since elF2o. can also be phosphorylated by other kinases,
including the heme-regulated elF2¢ kinase (HRI) [29]. Interestingly,
Pparﬁ/éf/* mice showed increased levels of HRI, which in turn ac-
tivates the elF2a-ATF4 pathway [28], suggesting that HRI might also
regulate VLDLR levels. In agreement with this, siRNA knockdown of Hri
(Figure S1A) in primary hepatocytes caused a reduction in VLDLR
mRNA and protein levels (Figure 2A). Moreover, two well-known HRI
activators [30], BTCtFPU and BTdCPU, upregulated VLDLR mRNA and
protein levels in human Huh-7 hepatocytes (Figure 2B), and BTdCPU
also upregulated VLDLR levels in the liver of mice treated with this
compound (Figure 2C).

Next, we checked whether other transcription factors such as Nrf2,
known to be involved in the upregulation of hepatic VLDLR [18], might
be responsible for the increase in the expression of this gene in the
livers of Pparf/d-null mice. Interestingly, livers of Ppar8/4 '~ mice
showed increased levels of phosphorylated Nrf2, an indicator of the
activity of this transcription factor [31], compared with wild-type lit-
termates (Figure 2D). In agreement with this, the mRNA and protein
levels of the Nrf2-target gene NAD(P)H quinone dehydrogenase 1
(NgoT) were also upregulated (Figure 2D and E).

To confirm the involvement of HRI, ATF4, and Nrf2 in the upregulation
of Vidlr in the context of Ppar3/ deficiency, we performed siRNA
studies in primary hepatocytes. Knockdown of Ppar(3/ increased the
expression of Vidir, but this increase was prevented by siRNA trans-
fection against Atf4, Nrf2, or Hri (Figure 2F). Two ATF4-target genes,
Trb3 [28] and Fgf21 [32], were upregulated by Ppar(3/0 knockdown,
but this was prevented by transfecting siRNA against either Atf4 or Hri
(Figure S1C and D). Similarly, expression of Nirf2 and two of its target
genes, Ngo7 and Ho-1, increased following Ppar3/ knockdown and
this was prevented by siRNA transfection against Nrf2 (Figure S1E—G).
These findings indicate that Ppar3/ deficiency increases Vidir
expression through the HRI-elF2a-ATF4 and Nrf2 pathways.

3.2. Pparf/d deficiency exacerbates hepatic steatosis and VLDLR
upregulation caused by ER stress

Given that ER stress induces hepatic steatosis via increased expression
of VLDLR through elF2a-ATF4 [6], we hypothesized that Ppar(/0
deficiency may exacerbate liver steatosis in the context of ER stress by
potentiating the increase in VLDLR levels. To test this, wild-type and
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Figure 1: VLDLR abundance is increased in liver of Ppar3/6-null mice and in primary hepatocytes following knockdown of Ppar3/6. Livers from male wild-type (WT) and
Ppar3/6-null mice were used (n = 6 per group). A, Assessment by quantitative real-time RT-PCR of hepatic Vidir. B, Immunoblot analysis of liver VLDLR. C, Oil Red O and
hematoxylin-eosin staining of livers. Scale bar: 100 um. D, Liver triglyceride levels. Data are presented as the mean + S.D. (n = 6 per group) relative to the wild-type mice. Vidir
mRNA abundance (E) and protein levels (F) in primary hepatocytes transfected with control siRNA or Ppar(3/0 siRNA for 24 h. VLDLR mRNA levels (G) and Oil Red O staining (H) in
Huh-7 hepatocytes transfected with control siRNA or Ppar(/0 siRNA for 24 h. Levels are presented as the mean + S.D. (n = 3—5 per group). *p < 0.05 vs. wild-type mice or
control siRNA. Scale bar: 100 pum.
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Figure 2: HRI regulates VLDLR abundance in hepatocytes. A, primary hepatocytes were transfected with control or Hri SiRNA for 24 h, and the mRNA abundance and protein
levels of VLDLR were assessed. *p < 0.05 and **p < 0.01 vs. control SiRNA. B, Huh-7 hepatocytes were incubated for 16 h in the absence (Control, CT) or presence of 10 wmol/L of
either BTACPU or BTCtFPU and the mRNA abundance and protein levels of VLDLR were analyzed. ***p < 0.001, **p < 0.01 and *p < 0.05 vs. control. C, mRNA abundance and
protein levels of VLDLR in liver of mice treated with DMSO (vehicle) or BTACPU (70 mg kg~ day~") for 7 days (n = 6 per group). ***p < 0.001, **p < 0.01 and *p < 0.05 vs.
control cells or control mice. Immunoblot analyses of total and phospho-Nrf2 and NQO1 (D) and mRNA abundance of Ngo7 (E) in liver from male wild-type (WT) and PparB/0-null
mice (n = 6 per group). *p < 0.05 vs. control. F, VLDLR mRNA abundance in primary hepatocytes transfected with control, Ppard, Atf4, Nrf2 and Hri siRNA for 24 h *p < 0.05 vs.

control SiRNA. *p < 0.05 vs. Ppard SiRNA.
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Pparﬁ/é’/ ~ mice were treated with the ER stressor tunicamycin for
24 h. Tunicamycin increased hepatic triglyceride accumulation in wild-
type mice (approximately 5-fold increase, p < 0.01) compared with
vehicle-treated animals, but this accumulation was exacerbated in
tunicamycin-treated Ppar(/ =/~ mice (approximately 8-fold increase,
p < 0.001 compared with tunicamycin-treated wild-type mice)
(Figure 3A—C). In agreement with an increased lipoprotein delivery to
the liver through VLDLR as the mechanism responsible for hepatic
steatosis, plasma ftriglyceride levels were reduced in tunicamycin-
treated wild-type mice (60% reduction, p < 0.01) compared with
vehicle-treated wild-type mice. This reduction was exacerbated in
tunicamycin-treated Ppar3/~'~ mice (70% reduction, p < 0.001)
compared with vehicle-treated Ppar8/~'~ mice (Figure 3D), which is
consistent with the higher increase in VLDLR protein levels in the livers
of tunicamycin-treated Pparﬁ/é”’ mice (Figure 3E). Likewise, the
expression of two additional ATF4-target genes, Trb3 and Chop, was
significantly higher in tunicamycin-treated Ppar8/4 '~ mice than in
tunicamycin-treated wild-type mice, indicating higher ATF4 activity in
the former group (Figure 3F and G). Of note, in contrast to Trb3
expression that was increased in PPARB/3-null mice compared to
wild-type mice, Chop expression was independent of the genotype and
it was only increased following tunicamycin treatment.

Since ER stress can also activate Nrf2 [33], we next evaluated whether
this antioxidant transcription factor can contribute to the increase
in VLDLR in tunicamycin-treated Ppar3/0~'~ mice. Tunicamycin
administration led to significant changes in hepatic phospho-Nrf2 and
NQO1 protein levels in wild-type mice, and the increase in phospho-
Nrf2 was exacerbated in Ppar/6-null mice (Figure 3H). Overall,
these findings suggest that ATF4 and Nrf2 activation by tunicamycin in
the presence of Ppar(3/0 deficiency intensifies the increase in hepatic
VLDLR.

3.3. FGF21 protects against hepatic steatosis and the upregulation
of VLDLR levels caused by ER stress

Since FGF21 suppresses the elF2a-ATF4 pathway through a negative
feedback [34], we hypothesized that the reported increase in FGF21
observed in Ppar(3/0-deficient mice [28] might attenuate the increase
in the ATF4-target gene VidlIr. To check this, we treated PparB/6-null
mice with an FGF21 neutralizing antibody and tunicamycin. Adminis-
tration of the FGF21 neutralizing antibody to Ppar8/4 '~ mice
increased hepatic triglyceride accumulation in both vehicle and
tunicamycin-treated mice compared with mice receiving IgG (Figure 4A
and B). Consistent with this, Vidir mRNA levels increased in Pparﬁ/é’/
~ mice injected FGF21 neutralizing antibody compared with mice
treated with IgG, especially in tunicamycin-treated mice (Figure 4C). No
changes in these parameters were observed in wild-type mice injected
with the neutralizing antibody (Figure S2A and B). VLDLR regulation by
FGF21 was confirmed in the livers of Fgf21-deficient mice. These mice
showed increased hepatic triglyceride accumulation (Figure 4D), a
process which has been reported to be age-dependent [35], and Vidir
mRNA (Figure 4E) and protein abundance accompanied by enhanced
elF2a. phosphorylation and ATF4 protein levels (Figure 4F). Similarly,
the expression levels of two Atf4-target genes, Trb3 and Chop, were
also increased in the livers of Fgf21” ~ mice compared with wild-type
mice (Figure S2C and D), although Chop did not reach statistical sig-
nificance. In contrast, phosphorylated levels of Nrf2 were reduced in
Fgf21” ~ mice (Figure 4G), rendering its involvement in VLDLR
upregulation unlikely. Finally, we examined the effects of recombinant
FGF21 treatment on ER-stress-induced VLDLR levels. In Huh-7 he-
patocytes FGF21 significantly reduced the increase in VLDLR and
CHOP expression (Figure 5A and B) and in VLDLR protein levels caused
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by tunicamycin, and these reductions were accompanied by a
decrease in the levels of phospho-elF2q (Figure 5C). Similarly,
administration of FGF21 reduced the increase in both the expression
and the protein levels of VLDR caused by tunicamycin in liver
(Figure 5D and E). These findings suggest that FGF21 may protect
against hepatic steatosis by limiting the increase in VLDLR levels via
attenuation of the elF2a-ATF4 pathway.

3.4. VLDLR upregulation is intensified by fructose feeding in the
liver of Ppar[/3-null mice

Fructose feeding leads to hepatic steatosis [36]. Consequently, we
explored whether VLDLR was involved in the effects of fructose on liver
in the context of Ppar3/0 deficiency. As previously shown [25], feeding
wild-type mice (C57BL/6X129/SV genetic background) with fructose
did not result in hepatic steatosis (Figure 6A and B). However, PparG/
6"~ mice exposed to fructose exhibited a clear and intense steatosis.
When hepatic VLDLR mRNA and protein levels were assessed, water-
fed Ppar(/ ~/~ mice showed a significant increase that was inten-
sified by fructose feeding (Figure 6C and D). As previously reported
[37], fructose feeding increased Fgf21 expression in liver of wild-type
mice (Figure S3A), indicating that despite the lack of induction of tri-
glyceride accumulation in the liver of wild-type mice, fructose feeding
was efficacious. This increase was exacerbated in Ppar(/0-deficient
mice. In contrast, expression of the ATF4-target gene Chop was un-
affected in fructose-fed Pparﬁ/&f/* mice (Figure S3B), rendering it
unlikely that this pathway was involved in the VLDLR upregulation
observed in the liver of these mice. Consistent with the trend observed
in VLDLR, phospho-Nrf2 levels and the expression of its target gene
Ngo1 were elevated in livers of fructose-fed Ppar3/4~'~ mice
(Figure 6E and F). The oxidative stress status measured by the lipid
peroxidized product MDA and H,0, was significantly increased only in
fructose-fed PparB/4 '~ mice (Figure 6G and H), suggesting that
enhanced ROS levels was the stimulus responsible for the increase in
the activity of this redox transcription factor. To clearly demonstrate the
involvement of Nrf2, the expression of this gene and that of Ppar3/
0 was knocked down by siRNA transfection in mouse primary hepa-
tocytes. As previously shown, Ppar(3/ knockdown increased the
expression of Vidlrand this increase was intensified by incubation with
fructose (Figure 6l). However, Nrf2 knockdown abrogated the increase
caused by the reduction in Ppar(3/0 expression and incubation with
fructose (Figure 6l). The increase in VLDLR expression was also
observed in human hepatocytes transfected with SiRNA against
PPARB/ and this effect was specific for fructose, since it was not
observed in hepatocytes exposed to a related carbohydrate such as
mannitol (Figure S3C). Overall, these data suggest that in the context of
Ppar3/ deficiency, fructose induces ROS production, a well-known
activator of Nrf2, which in turn increases VLDLR levels and ulti-
mately produces hepatic steatosis by increasing lipoprotein delivery to
the liver.

3.5. VLDLR content is increased in the liver of patients with
steatosis

Our findings in in vitro and animal models suggest a new potential
pathway that might contribute to NAFLD. In this pathway, a reduction in
PPARP/S levels might result in activation of both ATF4 and Nrf2, which
in turn would enhance VLDLR levels, leading to increased VLDL (tri-
glyceride) delivery to the liver. The contribution of this potential
pathway was explored in liver biopsies of patients classified into three
grades based on the percentage of hepatocytes presenting steatosis:
grade 0 (<5%), grade 2 or moderate steatosis (33—66%) and grade 3
or severe steatosis (>66%) (Figure 7A). VLDLR mRNA expression
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Figure 3: Ppar(3/0 deficiency exacerbates hepatic steatosis and VLDLR upregulation caused by ER stress. Oil Red O (A) and hematoxylin-eosin (B) staining of livers from
male wild-type (WT) and Ppar3/6-null mice treated for 24 h through i.p. injection with DMSO (vehicle) or tunicamycin (Tunic) (3 mg kg~ body weight). Scale bar: 100 um. C, Liver
triglyceride levels. D, Serum triglyceride levels. E, Immunoblot analyses of VLDLR. Trb3 (F) and Chop (G) mRNA abundance. H, immunoblot analyses of total and phospho-Nrf2 and
NQO1. Data are presented as the mean + S.D. (n = 6 per group). ***p < 0.001, **p < 0.01 and *p < 0.05 vs. wild-type animals treated with DMSO (vehicle). *#p < 0.001,
#n < 0.01 and *p < 0.05 vs. wild-type animals treated with tunicamycin. "fp < 0.001 and fp < 0.05 vs. Ppar8/6-null mice treated with DMSO (vehicle).
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Figure 5: Recombinant FGF21 protein attenuates the increase in VLDLR levels caused by ER stress. Human Huh-7 hepatocytes were incubated with DMSO (vehicle, control,
CT), tunicamycin (TUNIC) (1 pg/ml) or tunicamycin plus recombinant human FGF21 (1 pg/ml) and the mRNA abundance of VLDLR (A) and CHOP (B) and the protein levels of VLDLR
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of VLDLR in mice injected intraperitoneally with vehicle or recombinant mouse FGF21 together with DMSO or tunicamycin. Data are presented as the mean + S.D. (n = 5 per

group). C, Vidir and Chop mRNA abundance. D, Immunoblot analyses of hepatic VLDLR. ***p < 0.001,

(Figure 7B) and protein levels (Figure 7C) were increased in patients
suffering hepatic steatosis. The increase in VLDLR levels was
accompanied by a reduction in PPARG/ mRNA abundance that only
reached statistical significance in livers of patients with severe hepatic
steatosis (Figure 7D). The expression of the PPARP/d-target genes
involved in fatty acid oxidation, PDK4 and CPT-1a, was reduced in the
livers of patients with steatosis (Figure 7D). Consistent with the
reduced levels of PPARB/d, the DNA-binding activity of this tran-
scription factor assessed by EMSA showed a reduction in patients with
hepatic steatosis, especially in those with severe hepatic steatosis
(Figure 7E). The reduction in PPARB/d expression and activity in pa-
tients with severe hepatic steatosis was accompanied by an increase
in HRI, TRB3, and NQO1 expression (Figure 7F), suggesting that the
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**p < 0.01 and *p < 0.05.

increase in VLDLR levels in humans with severe hepatic steatosis in the
context of reduced PPARPB/S levels might be the result of activation of
the HRI-elF2a.-ATF4 and Nrf2 pathways. Expression of ATF4-target
gene FGF21 was significantly increased only in the patients with se-
vere steatosis (Figure 7G), whereas expression of its receptors,
B-klotho and FGFR7c, was reduced, although the reduction of the
receptor did not reach significance, suggesting that the effect of this
hormone might be attenuated (Figure 7G).

4. DISCUSSION

Here we present evidence that VLDLR is regulated by PPARB/S and
FGF21. The reported increase in VLDLR in Ppar(/6 null macrophages
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Figure 6: VLDLR upregulation is intensified by fructose feeding in the liver of Ppar3/6-null mice. Oil Red O (A) and hematoxylin-eosin (B) staining of livers from male wild-
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Immunoblot analyses of hepatic VLDLR (D) and total and phospho-Nrf2 (E). F, Ngo7 mRNA abundance. MDA (G) and H,0, (H) levels from liver of wild-type (WT) and Ppar(/5-
deficient mice fed with either water or water containing 30% fructose. Data are presented as the mean & S.D. (n = 6 per group). *p < 0.01 and *p < 0.05 vs. water-fed WT
mice. #p < 0.01 and *p < 0.05 vs. fructose-fed WT mice. T'p < 0.01 and fp < 0.05 vs. water-fed Pparﬁ/éf’ ~ mice. |, Vidir mRNA abundance in primary hepatocytes transfected
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Figure 7: Liver of patients with steatosis show increased VLDLR content. A, Hematoxylin-eosin staining of liver biopsies from control subjects (Control, CT) and patients with
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specific complex (I) based on competition with a molar excess of unlabeled probe is shown. The supershift assay performed by incubating NE with an antibody (Ab) directed against
PPARP/d shows a reduction in the band. F, mRNA abundance of HRJ, TRB3 and NQO7. G, mRNA abundance of FGF21, -KLOTHO and FGFRTc. Data are presented as the
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transcription factor reported to upregulate the expression of Fgf21 (reference [19]). Fructose feeding increases the levels of ROS and the activity of Nrf2 providing a mechanism for

the increase of the levels of VLDLR. All these mechanisms may result in an increase in

[38], prompted us to examine whether Ppar3/-null mice showed
increased VLDLR levels and determine its contribution to NAFLD and
the mechanisms involved. Our findings indicate that in PparG/6-null
mice, HRI activation in liver increases VLDLR levels through the elF2o.-
ATF4 pathway (Figure 8). Despite this, HRI activators do not increase
hepatic steatosis; on the contrary, these compounds also increased
FGF21 levels and this hormonal factor improved glucose intolerance
and hepatic triglyceride accumulation induced by feeding a HFD [28].
In addition, Ppar(/0-deficiency also results in the activation of Nrf2,
another transcription factor that contributes to increase VLDLR levels
[18]. Under conditions of Ppar(/0-deficiency, the increase in VLDLR
levels would contribute to hepatic steatosis. In addition, stimulation of
ER stress induces hepatic steatosis through VLDLR [6], and this pro-
cess might be exacerbated in Ppar(/0-null mice through a higher
activation of both ATF4 and Nrf2, suggesting that the absence of
PPARPB/3 contributes to intensify ER stress-induced fatty liver.

It has previously been reported that the PPARB/S agonist GW501516
promotes glucose flux to the pentose phosphate pathway and fatty acid
synthesis in liver [39], establishing a discrepancy with the findings of
this manuscript. However, a time-course study demonstrated that
GW501516 induces accumulation of liver lipids following 4 wk of
treatment, but this turned into a reduction in the content of hepatic
lipids after 8 wk. of GW501516 treatment [40], probably as the result
of an increase in fatty acid oxidation. Therefore, long treatments with
GW501516 reduce hepatic lipids, which is consistent with the increase
in liver lipids observed in Ppar(/6-null mice.

FGF21 has emerged as an important regulator of glucose and lipid
metabolism and hence is a promising agent for the treatment of
obesity, NAFLD, insulin resistance, and type 2 diabetes mellitus [41].
This study also suggests that the reported enhanced FGF21 levels in
Ppar@3/5-deficient mice [28] prevent a higher increase in VLDLR levels
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and hepatic triglyceride accumulation. This effect of FGF21 is the result
of a negative feedback loop by which this hormone suppresses the
elF2a-ATF4 pathway [28,34]. In fact, we show here that blocking
FGF21 increases VLDLR levels and hepatic steatosis. In agreement
with this, Fgf21*/* mice showed increased hepatic activation of the
elF2a.-ATF4 pathway and VLDLR levels, suggesting that this receptor
may account for part of the hepatic steatosis observed in these mice.
Thus, FGF21 can prevent NAFLD by increasing hepatic fatty acid
oxidation and reducing lipid synthesis [41], and our findings indicate
that this hormone may also prevent NAFLD by downregulating VLDLR
levels.

Fructose feeding increases hepatic steatosis, but this process is
influenced by the genetic background of the mice. In our study, feeding
wild-type mice (C57BL/6X129/SV genetic background) with fructose
did not result in hepatic steatosis, although fructose feeding was
successful, as demonstrated by the increase in Fgf21 expression,
probably through carbohydrate response element binding protein
(ChREBP)-mediated mechanisms, as previously reported [37]. How-
ever, Ppar3/-null mice of the same genetic background fed with
fructose showed hepatic steatosis, and this was accompanied by
higher hepatic VLDLR levels. Our findings demonstrate that in the
context of Ppar3/4 deficiency, fructose induces ROS production,
leading to an increase in phospho-Nrf2 levels and therefore in its
activity. A step further, our siRNA studies demonstrated that this
transcription factor was responsible for fructose-induced Vidir
expression in primary hepatocytes.

An analysis of human samples from patients with hepatic steatosis
showed an increase in the liver protein content of VLDLR compared
with control subjects. Interestingly, a reduction in PPARB/S levels and/
or activity, as demonstrated by EMSA and the expression of its target
genes, was also observed in the liver of these patients, suggesting that
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the relationship between PPARB/S and VLDLR observed in mice might
also operate in humans with hepatic steatosis.

Targeting PPAR isotypes for the treatment of fatty liver disease has
been extensively studied, mainly in the case of PPARa [42,43].
However, although the beneficial effect of activating PPARa for NAFLD
has been proven in several mouse models [42,43], fibrates, which are
PPARc. agonists, do not correct NAFLD in humans [44]. In contrast,
long-term activation of PPARB/O can improve hepatic steatosis by
activating fatty acid oxidation in different mouse models [45,46],
whereas clinical studies have also demonstrated a reduction of hepatic
fat content in humans upon treatment with PPARB/S agonists [47,48].
Our findings show that in patients with hepatic steatosis the reduction
in PPAR[B/d activity is accompanied by an increase in VLDLR levels. It
remains to be studied whether in the clinical setting PPAR[/d agonists
improve hepatic steatosis by regulating VLDLR abundance. Moreover,
since we have reported that PPARB/S activation in mice increases
PPARa expression and activity and enhances the hepatic levels of the
endogenous PPARa ligand 16:0/18:1-phosphatidylcholine [49], we
cannot discard that the reduction of PPARB/d activity may also affect
the activity of PPARc.. Consistent with this, drugs combining PPARa.
and PPARP/d isotype agonism are a promising treatment for NAFLD. In
fact, the dual PPARq./B(0) agonist elafibranor (GFT505) shows anti-
steaotic effects in rodent models [50], and, in abdominally obese
subjects, it improves hepatic and peripheral insulin sensitivity and
probably NAFLD, although liver fat content was not measured [51].
On the other hand, the increase in hepatic FGF21 expression in pa-
tients suffering hepatic steatosis is in agreement with previous studies
[52], and it has been considered to be the result of a resistance to this
hormone [53], implying that the lack of FGF21 activity may also
contribute to increase VLDLR levels in hepatic steatosis. It is important
to point out that the low number of patients analyzed is a limitation of
this part of the study and precludes that VLDLR plays a role in NAFLD
although it might correlate with liver fat accumulation.

5. CONCLUSIONS

The findings of this study suggest that Ppar(/0-deficiency results in an
increase in VLDLR levels, whereas FGF21 prevents the increase in
hepatic VLDLR levels. In patients with hepatic steatosis, a reduction in
the levels and/or activity of PPARB/S was accompanied by an increase
in VLDLR abundance, suggesting that this crosstalk might be involved
in fatty liver development. Overall, these data suggest that modulation
of PPAR[/S and/or FGF21 activity might be a key therapeutic target for
the treatment of hepatic steatosis by regulating VLDLR abundance.
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Table S1. Study subjects.

0:CT 2:33-66% 3:>66%
Steatosis Grade
(n=5) (n=4) (n=6)
Sex (Male/Female) 1/4 1/3 6/0
BMI (kg/m?) 227139 34 9+838 276120
ALT 35.8+23.6 56.5£ 5.6 166.0£38.0
AST 26.515.0 34+18.4 92.3+439
Cholestasis 1 0 0
Portal and/or lobular 2 Mild 2 Mild, 2 Mild,
Inflammation 2 Moderate 3 Moderate
Bridging fibrosis 0 0 0
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Table S2. Primer sequences used for real-time RT-PCR

Gene Primers
hANGPLT4 for 5’-GCGAATTCAGCATCTGCAAA-3’
rev 5’-CTTGGCCACCTCATGGTCTAG-3’
mAngplt4 for 5’-GCATGGCTGCCTGTGGTAAC-3’

rev 5’-ATCTTGCTGTTTTGAGCCTTGA-3’

mAprt for 5’-CAGCGGCAAGATCGACTACA-3’

rev 5’-AGCTAGGGAAGGGCCAAACA-3’

mAtf4 for 5-AGCAAAACAAGACAGCAGCC-3’

rev 5-ACTCTCTTCTTCCCCCTTGC-3’

hp-KLOTHO for 5’-GGCCATCTACATGATGAAGAATTTC-3’

rev 5’-GGCAGTATAACCAAACACTCGTATTTC-3’

hCHOP for 5-GGAAATGAAGAGGAAGAATCAAAAAT-3

rev 5-GTTCTGGCTCCTCCTCAGTCA-3

mChop for 5-CGAAGAGGAAGAATCAAAAACCTT-3

rev 5-GCCCTGGCTCCTCTGTCA-3"

hFGF21 for 5-ACCAGAGCCCCGAAAGTCT-3"

rev 5-CTTGACTCCCAAGATTTGAATAACTC-3'

mFgf21 for 5-CAGGGAGGATGGAACAGTGGTA-3

rev 5-TGACACCCAGGATTTGAATGAC-3

hEGFRLC for 5" TGTTTGACCGGATCTACACACA-3’

rev 5-CTCCCACAAGAGCACTCCAA-3’

hGAPDH for 5-GGCCTCCAAGGAGTAAGACC-3'

rev 5 -AGGGGTCTACATGGCAACTG-3'

mHo-1 for 5’-GAAAATGTGATTCACTCCTCTGACA-3’

rev 5’-CCTTGGTGGCCTCCTTCAA-3’

hHRI for 5’-CCCCGAATATGACGAATCTG-3

rev 5’-CAGATTCGTCATATTCGGGC-3’

hL-CPT1la for 5’-TGCTTTACAGGCGCAAACTG-3’

rev 5’-TGGAATCGTGGATCCCAAA-3’

hNQO1 for 5’-TGCAGCGGCTTTGAAGAAGAAAGG-3’

rev 5’-TCGGCAGGATACTGAAAGTTCGCA-3’
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mNgo1l for 5 TATCCTTCCGAGTCATCTCTAGCA-3’
rev 5 TCTGCAGCTTCCAGCTTCTTG-3’
mNrf2 for 5-CGAGATATACGCAGGAGAGGTAAGA-3’
rev 5-GCTCGACAATGTTCTCCAGCTT-3’
hPDK4 for 5-CCAACCAATTCACATCGTGTATG-3’
rev 5-GCCCGCATTGCATTCTTAAA-3’
mPdk4 for 5-CACCACATGCTCTTCGAACTCT-3’
rev 5-AAGGAAGGACGGTTTTCTTGATG-3’
hPPARB/S for 5-AGCATCCTCACCGGCAAA-3’
rev 5-GTCTCGATGTCGTGGATCACA-3’
mPparp/d for 5 -GCCACAACGCACCCTTTG-3'
rev 5-CCACACCAGGCCCTTCTCT-3'
hTRB3 for 5 TCGCTGACCGTGAGAGGAA-3’
rev 5-GCTTGTCCCACAGGGAATCA-3’
mTrb3 for 5-CGTGGCACACTGCCACAA-3’
rev 5-CCTCTCACAGTTGCTGAAGACAA-3’
hVLDLR for 5-CAAGAGGAAGTTCCTGTTTAACTCTGA3’
rev 5" TGACCAGTAAACAAAGCCAGACA-3’
mvidir for 5 TCCAATGGCCTAATGGAATTACA-3’

rev

5’-AGCATGTGCAACTTGGAATCC-3’
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Supplementary Figures
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Fig. S1. A, primary hepatocytes were transfected with control or Hri siRNA for 24 h and
the protein levels of HRI were assessed. *p<0.05 vs. control siRNA. Primary hepatocytes
were transfected with control, Pparo, Atf4, Nrf2, Hri and Nrf2 siRNA for 24 h and the
MRNA levels of Ppar g/, Fgf21, Trb3, Nrf2, Ngol and Ho-1 were analyzed. ***p<0.001,
**p<0.01 and *p<0.05 vs. control siRNA. *p<0.05 vs. Ppard siRNA. #¥p<0.001 and

#p<0.05 vs. Ppar 5 siRNA.
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Abstract:

Following antiretroviral therapy, HIV-infected patients show increased circulating levels
of the antidiabetic hormone fibroblast growth factor-21 (FGF21). In contrast, expression
of the FGF21-obligatory co-receptor B-Klotho (KLB) is reduced in target tissues. This
situation is comparable to the FGF21 resistance status observed in obesity and type-2
diabetes. Here, we performed the first systematic study of the effects of distinct
members of different antiretroviral drug classes on the FGF21/KLB system in human
hepatic, adipose, and skeletal muscle cells. Most protease inhibitors and the non
nucleoside reverse transcriptase inhibitor efavirenz induced FGF21 gene expression.
Neither nucleoside reverse transcriptase inhibitors nor the viral entry inhibitor
maraviroc had any effect. Among integrase inhibitors, elvitegravir significantly induced
FGF21 expression, whereas raltegravir had minor effects only in adipose cells. In human
hepatocytes and adipocytes, known target cells of FGF21 action, efavirenz, elvitegravir,
and the lopinavir/ritonavir combination exerted inhibitory effects on KLB gene
expression. Drug treatments that elicited FGF21 induction/KLB repression were those
found to induce endoplasmic reticulum (ER) stress and oxidative stress. Notably,
pharmacological agents thapsigargin and tunicamycin, which induce these stress
pathways, mimicked the effects of drug treatments. Moreover, pharmacological
inhibitors of either ER or oxidative stress significantly impaired lopinavir/ritonavir-
induced regulation of FGF21, but not KLB. In conclusion, current in vitro screen study
identifies the antiretroviral drugs that affect FGF21/KLB expression in human cells.
Present results could have important implications for the management of co-morbidities
resulting from side effects of specific antiretroviral drugs for the treatment of HIV-
infected patients.
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ABSTRACT Following antiretroviral therapy, HIV-infected patients show increased
circulating levels of the antidiabetic hormone fibroblast growth factor 21 (FGF21). In
contrast, the expression of the FGF21-obligatory coreceptor B-Klotho (KLB) is re-
duced in target tissues. This situation is comparable to the FGF21 resistance status
observed in obesity and type 2 diabetes. Here, we performed the first systematic
study of the effects of distinct members of different antiretroviral drug classes on
the FGF21/KLB system in human hepatic, adipose, and skeletal muscle cells. Most
protease inhibitors and the nonnucleoside reverse transcriptase inhibitor efavirenz
induced FGF21 gene expression. Neither nucleoside reverse transcriptase inhibitors
nor the viral entry inhibitor maraviroc had any effect. Among the integrase inhibi-
tors, elvitegravir significantly induced FGF21 expression, whereas raltegravir had mi-
nor effects only in adipose cells. In human hepatocytes and adipocytes, known tar-
get cells of FGF21 action, efavirenz, elvitegravir, and the lopinavir-ritonavir combination
exerted inhibitory effects on KLB gene expression. Drug treatments that elicited
FGF21 induction/KLB repression were those found to induce endoplasmic reticulum
(ER) stress and oxidative stress. Notably, the pharmacological agents thapsigargin
and tunicamycin, which induce these stress pathways, mimicked the effects of drug
treatments. Moreover, pharmacological inhibitors of either ER or oxidative stress sig-
nificantly impaired lopinavir-ritonavir-induced regulation of FGF21, but not KLB. In
conclusion, the present in vitro screen study identifies the antiretroviral drugs that
affect FGF21/KLB expression in human cells. The present results could have impor-
tant implications for the management of comorbidities resulting from side effects of
specific antiretroviral drugs for the treatment of HIV-infected patients.

KEYWORDS antiretroviral drug, FGF21, B-Klotho, ER stress, hepatocyte, adipocyte

uccessful treatment of HIV-infected patients with antiretroviral therapies (ART) has

largely transformed HIV infection to a chronic medical condition (1). ART regimens
can achieve strong virological control, but long-term exposure to ART, as often occurs
in the growing population of older HIV patients, results in increased metabolic com-
plications (2). Insulin resistance, metabolic syndrome, enhanced cardiovascular risk, and
even overt lipodystrophy are common alterations in ART-treated HIV-infected patients
(3). Several classes of antiretroviral drugs appear especially likely to elicit these altera-

tions. For example, nucleoside analogs such as zidovudine and stavudine, which inhibit
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reverse transcriptase, appear to particularly exacerbate lipodystrophy, whereas pro-
tease inhibitors (Pls) have been implicated in altered glucose homeostasis (4). The
molecular mechanisms that account for these toxicities are incompletely understood.
More recently developed drugs (i.e., integrase inhibitors, viral entry inhibitors, and novel
reverse transcriptase inhibitors and Pls) appear less prone to cause overt lipodystrophy.
However, their impact on metabolic homeostasis in patients is still unclear (5).

Several studies on distinct cohorts of HIV patients have reported alterations in the
fibroblast growth factor 21 (FGF21) endocrine system that manifest as abnormally high
levels of FGF21 (6-8). FGF21, a hormone that was recently found to play a key role in
glucose and lipid homeostasis, acts as an antidiabetic and possibly antiobesity factor
(9). Several recent pilot studies have reported improvement in lipidemia and body
weight after short-term treatment of obese/diabetic volunteers with FGF21 analogs (10,
11). Long-acting FGF21 analogs and agonists that mimic FGF21 action are under
investigation in clinical trials in patients with obesity and diabetes (ClinicalTrials regis-
tration no. NCT02413372, NCT02538874, NCT2593331, NCT02708576, and NCT03060538).
FGF21 is mainly produced in the liver and targets adipose tissue (and possibly that of the
liver as well), promoting glucose uptake and oxidation (12). The effects of FGF21 are
mediated by FGF receptors (FGFRs) that must interact with the cell surface protein
B-Klotho (KLB) to form an FGF21-responsive receptor complex. Thus, the KLB corecep-
tor is essential for FGF21 action on target tissues (13). The paradoxically high FGF21
levels in HIV patients are associated with a downregulation of the molecular mediator
of cellular FGF21 action, KLB. This scenario, which is reminiscent of “FGF21 resistance,”
is analogous to the situation found in obesity and type 2 diabetes (14, 15). It has been
suggested that alterations in the FGF21 endocrine system involving liver and adipose
tissues could be a major mechanism responsible for eliciting metabolic alterations in
HIV patients (8, 13, 16). In this context, it has recently been reported that high FGF21
levels in HIV patients are significantly associated with altered bone homeostasis (17),
consistent with previous indications of potential deleterious effects of high FGF21
levels on bone in experimental rodent models (18). Moreover, skeletal muscle, a tissue
that does not express significant amounts of FGF21 in healthy individuals, shows
increased expression of FGF21 under conditions in which muscle experiences mito-
chondrial oxidative stress (16, 19, 20), and a recent study reported enhanced expression
of FGF21 in muscle from HIV patients in association with metabolic alterations (7).

Previous studies on distinct HIV patient cohorts have failed to show significant
associations between abnormally high FGF21 levels and specific drugs included in ART
cocktails, possibly owing to the limited number of patients and diversity of ART regimens
prior to and during the study. However, several intracellular processes, including endoplas-
mic reticulum (ER) stress and oxidative stress, are known to induce hepatic expression of
FGF21 (21-23), and there are reports that several antiretroviral drugs or drug classes (e.g.,
efavirenz and Pls) promote such processes (24-26). To date, less is known about molecular
agents causing disturbances in the response to FGF21 in the target tissues. It has been
reported that proinflammatory signaling in adipose tissue negatively regulates KLB expres-
sion (27). Then, inflammation in adipose tissue, a common condition in obesity, diabetes,
and HIV lipodystrophy, may contribute to impaired FGF21 responsiveness in adipocytes.

Studies on the effects of antiretroviral drugs on human cells in culture have proven
to be useful for the initial in vitro assessment of the potential of drugs to disturb
metabolism (28-36). These studies have reported effects of several antiretroviral drugs
on adipogenesis, senescence, mitochondrial toxicity, and ER stress, but none investi-
gated their actions on the FGF21 system. In the present study, we hypothesized that
antiretroviral drugs could alter the FGF21/KLB system by affecting their expression in
human hepatic, adipose, and skeletal muscle cells. If so, this in vitro approach could be
used to screen currently used antiretroviral drugs for their potential risk to cause
FGF21/KLB toxicity. Here, we report a systematic analysis of the capacity of antiretroviral
drugs, both “classical” and recently developed, to cause alterations in the FGF21/KLB
system. That is, we analyzed their potential to promote FGF21 expression and KLB
downregulation—the two key events associated with a disturbed FGF21 system in
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FIG 1 Effects of antiretroviral drugs on the expression of FGF21, KLB, CHOP10, and HSPA5 mRNAs and on FGF21 promoter activity in human hepatic HepG2 cells. Cells
were exposed, when indicated, to the following drugs: zidovudine (AZT), 100 uM; stavudine (D4T), 100 uM; tenofovir disoproxil fumarate (TDF), 5 wM; nevirapine (NVP),
20 uM; efavirenz (EFV), 50 wM; rilpivirine (RPV), 10 uM; lopinavir-ritonavir 4:1 (LPV/r), 20 wM; ritonavir (RTV), 20 uM; lopinavir (LPV), 20 uM; nelfinavir (NFV), 20 uM;
atazanavir (ATV), 50 uM; raltegravir (RAL), 50 uM; elvitegravir (ELV), 50 uM; maraviroc (MRV), 4 uM; tunicamycin (TUN), 2 uM; thapsigargin (THAP), 2 uM. (A) mRNA
levels are presented as means * SEM from 4 to 5 independent experiments and are expressed relative to values for control cells (defined as 1). (B) FGF21 protein levels
in cell culture medium. (C) Luciferase activity in HepG2 cells transiently transfected with plasmid constructs in which luciferase is driven by the —1,497/+5 (—1.5 kb-Luc)
or —77/+5 (=77 bp-Luc) 5’ regions of the FGF21 gene. Cells were treated for 24 h with the indicated concentrations of drugs: EFV, 50 uM; LPV/r, 20 uM; THAP, 2 uM.
Data are normalized to Renilla luciferase activity driven by the cotransfected pRL-CMV plasmid. Data are means * SEM from 4 to 5 independent experiments. *, P <
0.05; **, P < 0.01, and ***, P < 0.001 for each drug treatment versus control.

patients—in human hepatic, adipose, and muscle cells. The effects of drug-induced ER
stress and oxidative stress on these alterations were also explored.

RESULTS

Effects of antiretroviral drugs on FGF21 and KLB expression in human hepatic
cells. To determine the possible effects of antiretroviral drugs on the FGF21 system, we
first analyzed human hepatocytes, the main cellular source of FGF21 as well as a
potential cellular target of FGF21 action. Among the antiretroviral drugs tested in
HepG2 hepatic cells, all Pls, including the lopinavir-ritonavir 4:1 combination, elicited a
robust induction of FGF21 expression (Fig. TA). Neither the classical nucleoside reverse
transcriptase inhibitors (NRTIs) zidovudine and stavudine nor the nucleotide analog
tenofovir altered FGF21 mRNA expression. Among nonnucleoside reverse transcriptase
inhibitors (NNRTIs), efavirenz markedly induced FGF27 expression, whereas neither
nevirapine nor rilpivirine showed significant effects. Among integrase inhibitors (INS-
Tls), elvitegravir significantly induced FGF21 expression, whereas raltegravir had no
effect. The viral entry inhibitor maraviroc also had no effect. A parallel assessment of the
effects of these drugs on KLB expression revealed a reciprocal pattern of alterations:
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most antiretrovirals that induced FGF21 (i.e., most Pls, efavirenz, and elvitegravir)
repressed KLB expression. KLB expression was unaffected by drugs that did not alter
FGF21 expression (Fig. TA).

The induction of FGF21 and repression of KLB observed in response to Pls and
efavirenz, which are known to induce ER stress and oxidative stress in several cell types,
including hepatocytes (24, 26), prompted us to examine whether these drugs also
altered the expression of the genes encoding C/EBP-homologous protein 10 (CHOP10)
and heat shock protein 5 (HSPA5), markers of ER stress and/or oxidative stress (37, 38).
These analyses showed that the effects of drugs on CHOP10 and HSPA5 expression
markedly paralleled their effects on FGF21 expression, as evidenced by the significant
upregulation of both CHOP10 and HSPA5 mRNAs in response to Pls, efavirenz, and
elvitegravir (Fig. 1A). In addition, we treated HepG2 cells with tunicamycin and thap-
sigargin, two known inducers of ER stress. Both agents strongly induced CHOP10 and
HSPAS5 expression and elicited robust reciprocal effects on FGF21 expression (induction)
and KLB expression (repression)—the same effects produced by the aforementioned
antiretroviral drugs (Fig. 1A).

The main changes found for FGF2T mRNA expression were reflected in FGF21
protein levels released by cells to culture. Thus, efavirenz, the lopinavir-ritonavir com-
bination, and elvitegravir caused a significant increase in FGF21 levels in HepG2 culture
medium, whereas raltegravir had no effect (Fig. 1B). The ER stress/oxidative stress
inducers tunicamycin and thapsigargin caused the highest induction in FGF21 protein
release by HepG2 cells (Fig. 1B).

After this initial screening, we evaluated the concentration dependence of the
effects of the drugs that had been found to alter the FGF21 system at a single relatively
high dose in the study above (see Fig. S1 in the supplemental material); raltegravir was
used as an ineffective drug control. Efavirenz, elvitegravir, and the lopinavir-ritonavir
combination caused reciprocal concentration-response effects, inducing FGF21 and
suppressing KLB. With one exception, we also found that these drugs induced a
concentration-dependent induction of CHOP10 and HSPA5 expression, similar to that
found for FGF21 induction and KLB repression. The exception was efavirenz, which
induced expression of ER stress/oxidative stress markers only at the highest concen-
tration tested (50 uM), despite the fact that lower concentrations (20 uM) were
sufficient to alter FGF21 and KLB expression. Raltegravir did not alter FGF21 or KLB
mMRNA expression, or CHOP10 or HSPA5 mRNA expression at any concentration tested.

To further assess FGF21 induction, we monitored the transcriptional activity of the
FGF21 promoter after transfecting HepG2 cells with an FGF21 promoter-luciferase
reporter construct in which luciferase activity is driven by the 5’ region (1.5 kb) of the
FGF21 gene (Fig. 1C). These analyses showed that thapsigargin, the positive control for
ER stress induction, and the drugs efavirenz and lopinavir-ritonavir significantly induced
FGF21 promoter activity; this effect was lost when transfections were performed using
a construct comprising the —77 bp site in which most of the 5’ noncoding region of
the FGF21 gene was deleted. These results demonstrate that ER stress-inducing drugs
and antiretroviral drugs that elicit increased FGF27 mRNA expression act through the
induction of FGF21 gene transcription.

Effects of antiretroviral drugs on FGF21 and KLB expression in human adi-
pocytes. Next, we analyzed the effects of antiretroviral drugs on adipocytes, the main
cellular target of FGF21. Human Simpson-Golabi-Behmel Syndrome (SGBS) adipocytes
undergoing adipogenic differentiation were exposed to the panel of antiretroviral
drugs belonging to distinct classes. As was the case for hepatic cells, for this initial
screen, the drugs were used at concentrations known to be nontoxic in this cell type,
and FGF21 and KLB mRNA expression levels were determined. Under control conditions,
SGBS adipocytes expressed very low levels of FGF21 mRNA, in agreement with the
almost undetectable expression of FGF21 in human adipose tissue (13, 39, 40). How-
ever, we found that the NNRTI efavirenz and the INSTIs elvitegravir and raltegravir
significantly induced FGF27 mRNA expression (Fig. 2A); treatment with lopinavir-
ritonavir also produced a trend towards increased FGF21 expression, although the
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FIG 2 Effects of antiretroviral drugs on the expression of FGF21, KLB, CHOP10, and HSPA5 mRNAs in human SGBS adipocytes and on KLB promoter activity in
adipogenic cells. (A) SGBS human preadipocytes were differentiated in culture into adipocytes in the presence of the following drugs: zidovudine (AZT), 50 uM;
stavudine (D4T), 50 uM; efavirenz (EFV), 5 uM; rilpivirine (RPV), 10 uM; lopinavir-ritonavir 4:1 (LPV/r), 20 uM; raltegravir (RAL), 5 uM; elvitegravir (ELV), 5 uM.
(B) SGBS human adipocytes were differentiated in culture into adipocytes and treated for 24 h with the following drugs: AZT, 100 uM; D4T, 100 uM; EFV, 20
uM; RPV, 15 uM; LPV/r, 20 uM; ELV, 20 uM; tunicamycin (TUN), 2 uM; thapsigargin (THAP), 2 uM. Data are presented as means + SEM from 4 to 5 independent
experiments and are expressed relative to values for control cells (defined as 1). (C) Luciferase activity in adipogenic HIB-1B cells transiently transfected with
a plasmid construct in which luciferase is driven by the —1,055/+45 region of the KLB gene. Cells were treated with the following drugs: EFV, 50 uM; LPV/r,
20 uM; TUN, 2 uM; THAP, 2 uM; rosiglitazone (ROSI), 2 M. Data are normalized to Renilla luciferase activity driven by the cotransfected pRL-CMV plasmid. *,

P < 0.05; **, P < 0.01, and ***, P < 0.001 for each drug treatment versus control.

differences did not reach statistical significance (P = 0.09). Again, these drugs exerted
reciprocal repressive effects on KLB mRNA expression. As was the case for hepatic cells,
they also induced effects on the expression of the ER stress/oxidative stress markers
CHOP10 and HSPAS that largely paralleled their effects on FGF21 expression; the one
exception was elvitegravir, which had no effect on HSPA5 expression (Fig. 2A). A
concentration-response analysis of the drugs that showed significant effects at single
concentrations indicated that efavirenz caused overt reciprocal FGF21 induction/KLB
repression effects at 5 wM, lopinavir-ritonavir at 20 uM, and elvitegravir in the 1 to 2 uM
range (see Fig. S2). The concentration-response effects of the three types of drug
treatments remarkably paralleled those for the induction of CHOP10. However, only
lopinavir-ritonavir induced the ER stress marker HSPA5.

Considering that the effects of treating adipocytes with drugs throughout their
adipogenic differentiation may cause secondary effects related to alterations in the
overall differentiation process, we used a second experimental paradigm in which fully
differentiated human adipocytes were exposed to the drugs for 24 h. The results of
these experiments were very similar to those found previously in adipogenic cells
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chronically treated with drugs: very low basal expression of FGF21 and significant FGF21
induction and KLB repression in response to lopinavir-ritonavir and elvitegravir (Fig. 2B).
We also found that the same drugs that induced FGF21 expression and KLB repression
induced the ER stress/oxidative stress markers CHOP10 and HSPAS5; the one exception
was the absence of an effect of elvitegravir on HSPA5. The ER stress inducers thapsi-
gargin and tunicamycin mimicked the FGF21 induction and KLB repression elicited by
these drugs. Notably, in this experimental setting, rilpivirine caused a significant
induction of CHOP10 and HSPA5 expression, but this did not translate into changes in
FGF21 or KLB gene expression (Fig. 2B). As was the case in the first experimental setting,
a concentration-response analysis showed that efavirenz, lopinavir-ritonavir, and elvite-
gravir caused minor effects on FGF21 expression that paralleled changes in CHOP10 and
HSPAS5 expression, but only at high concentrations (10 to 20 uM) (see Fig. S3).

The low range of FGF217 mRNA expression in human adipocytes was reflected in the
very low levels of FGF21 in the cell culture medium, which precluded reliable mea-
surements of FGF21 concentration changes in response to drugs, in contrast with that
in hepatic and muscle cells.

Considering that KLB gene expression is particularly sensitive to the differentiation
status of adipocytes, we investigated whether the repression of KLB mRNA expression
induced by drugs was attributable to impaired KLB gene transcription. To this end, we
transfected preadipocytes with a luciferase reporter plasmid driven by the KLB gene
promoter and exposed the cells to drugs. This analysis showed that whereas rosiglita-
zone (used as a positive control for KLB gene regulation) (27, 41) induced KLB gene
transcription, lopinavir-ritonavir and efavirenz significantly downregulated KLB pro-
moter activity, as was also the case for the ER stress positive controls, tunicamycin and
thapsigargin (Fig. 20).

Effects of antiretroviral drugs on FGF21 expression in human skeletal muscle
cells. Although skeletal muscle is not considered to be a source or target of FGF21, a
recent report indicated that FGF21 expression is enhanced in muscle from HIV patients
(7), a phenomenon also reported in other conditions of skeletal muscle stress such as
mitochondrial diseases (19, 20). KLB expression was virtually undetectable in differen-
tiated human LHCN-M2 skeletal muscle cells, as expected. FGF21 expression was also
very low under control conditions, but Pls (with the exception of atazanavir) and
efavirenz caused a dramatic induction of FGF21 expression, whereas NRTIs, NNRTIs
(other than efavirenz), and maraviroc had no effect (Fig. 3A). Efavirenz and the same Pls
that caused FGF21 upregulation induced the expression of CHOP10 and HSPAS5. Thap-
sigargin and tunicamycin also induced FGF21 expression in muscle cells.

Efavirenz, the lopinavir-ritonavir combination, and the ER stress/oxidative stress
inducers thapsigargin and tunicamycin caused a significant induction of the release of
FGF21 protein by LHCN-M2 myotubes into culture medium, paralleling the results
found for FGF21 mRNA expression (Fig. 3B).

Effects of inhibitors of ER stress and oxidative stress on the action of antiret-
roviral drugs on FGF21 and KLB expression in human adipocytes. Our data
demonstrating that several antiretroviral drugs, mainly Pls (e.g., lopinavir-ritonavir) and
efavirenz, acted in the same manner as ER stress/oxidative stress to cause the induction
of FGF21 expression and repression of KLB expression strongly suggest that ER stress
and oxidative stress drive the reciprocal alterations in the FGF21 system. To test this, we
used 4-phenylbutyrate (PBA), an inhibitor of ER stress, and 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (Trolox), a vitamin E analog with antioxidant
properties (Fig. 4). PBA significantly impaired the induction of ER stress. Trolox reduced
thapsigargin- and tunicamycin-induced expression of CHOP10, but not the thapsigargin-
and tunicamycin-induced expression of HSPA5, thus excluding HSPA5 as an oxidative stress
marker; this contrasts with the dual responsiveness of CHOP10 to both ER and oxidative
stress. PBA suppressed the induction of FGF21 and repression of KLB expression by
thapsigargin and tunicamycin, thus confirming that ER stress is capable of causing FGF21
upregulation and KLB downregulation. Both PBA and Trolox impaired the induction of
CHOP10 and HSPA5 by lopinavir-ritonavir, suggesting that Pls are capable of causing
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FIG 3 Effects of antiretroviral drugs, tunicamycin, and thapsigargin on the expression of FGF21, CHOP10, and HSPA5 mRNAs and FGF21 release into the cell
culture medium in human LHCN-M2 skeletal muscle cells differentiated in culture. LHCN-M2 myotubes differentiated in culture were treated for 24 h, as
indicated, with the following drugs: zidovudine (AZT), 100 uwM; stavudine (D4T), 100 uM; tenofovir disoproxil fumarate (TDF), 5 wM; nevirapine (NVP), 20 uM;
efavirenz (EFV), 50 pM; rilpivirine (RPV), 10 uM; lopinavir-ritonavir 4:1 (LPV/r), 20 uM; ritonavir (RTV), 20 uM; lopinavir (LPV), 20 uM; nelfinavir (NFV), 20 uM;
atazanavir (ATV), 50 uM; maraviroc (MRV), 4 uM; tunicamycin (TUN), 2 uM; thapsigargin (THAP), 2 uM. (A) mRNA levels are presented as means * SEM from
4 to 5 independent experiments and are expressed relative to values for control cells (defined as 1). (B) FGF21 protein levels in cell culture medium. Data are
presented as means *= SEM from 4 to 5 independent experiments. *, P < 0.05; **, P < 0.01, and ***, P < 0.001 for each drug treatment versus control.

both ER and oxidative stress. Similarly, PBA and Trolox blunted the induction of FGF21
by lopinavir-ritonavir and elvitegravir. However, neither PBA nor Trolox affected the
repression of KLB expression by these drugs, indicating that pathways other than ER
stress/oxidative stress may be specifically involved in downregulating KLB in response
to Pls. The downregulation of KLB elicited by elvitegravir was suppressed by PBA but
was unaffected by Trolox. Efavirenz treatment had relatively modest effects in adi-
pocytes under these conditions. Although it did significantly induce CHOP10 and HSPA5
expression, it caused only a minor induction of FGF21. These effects were relatively
insensitive to PBA and Trolox, which at best exerted modest inhibitory actions.

Collectively, these data indicate that Pls, as well as elvitegravir and efavirenz, induce
FGF21 expression through mechanisms involving ER and oxidative stress. However,
although ER stress may induce KLB repression, other pathways are likely also involved
in the repressive effect of Pls on KLB expression.

DISCUSSION

The results of the current study indicate that some antiretroviral drugs belonging to
distinct classes alter the expression of FGF21 and the FGF21 coreceptor KLB in human
cells. We found that modifications in the expression of FGF21 and KLB caused by drugs
parallel those observed in HIV patients undergoing antiretroviral treatment: an induc-
tion of FGF21 levels and a repression of KLB expression (6, 7, 13). Moreover, the
observed alterations are systematically reciprocal: those drugs (and drug concentra-
tions) that induce FGF21 expression and release are largely the same as those that
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FIG 4 Effects of the ER stress-response inhibitor PBA and the antioxidant Trolox on the actions of
antiretroviral drugs on the expression of FGF21, KLB, CHOP10, and HSPA5 mRNAs in human SGBS adipocytes
differentiated in culture. SGBS human preadipocytes were differentiated in culture into adipocytes and
treated for 24 h with the following drugs: efavirenz (EFV), 20 uM; rilpivirine (RPV), 10 uM; lopinavir-ritonavir
4:1 (LPV/r), 20 uM; elvitegravir (ELV) 10 wM; tunicamycin (TUN), 2 uM; thapsigargin (THAP), 2 uM. Where
indicated, cells were cultured in the presence of 2 mM PBA or T mM Trolox. Data are presented as means = SEM
from 4 to 5 independent experiments and are expressed relative to values for control cells (defined as 1). *, P
< 0.05; **, P < 0.01, and ***, P < 0.001 for each drug treatment versus control; #, P < 0.05; ##, P < 0.01;
###, P < 0.001 for the effects of PBA or Trolox.
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repress KLB expression. NRTIs and the viral entry inhibitor maraviroc were universally
neutral toward the FGF21/KLB system. Pls, the NNRTI efavirenz, and the INSTI elvite-
gravir were the drugs most capable of eliciting FGF21 induction/KLB repression effects,
which otherwise followed a pattern dictated largely by the specific drug and the cell
type assayed. The induction of FGF21 and repression of KLB expression in hepatic and
adipose cells reflected the effects on gene transcription. Therefore, and on the basis of
the remarkable concordance between the effects found here in vitro for several
antiretroviral drugs and the alterations in the FGF21/KLB system found in HIV patients,
attention should be paid to the potential of particular drugs in the ART cocktails to
disturb the FGF21 system.

Subsequently, we explored the intracellular-mediated mechanisms explaining the
negative effects of antiretroviral drugs on the FGF21/KLB system. In general, the drug
treatments that elicited FGF21 induction/KLB repression in human hepatic, adipose,
and muscle cells were also those that induced ER stress/oxidative stress. Specific
pharmacological induction of ER stress/oxidative stress mimicked the effects of the
drugs on the FGF21/KLB system. Moreover, the induction of ER stress/oxidative stress
marker genes closely paralleled FGF21 induction and KLB repression in concentration-
response analyses of lopinavir-ritonavir and elvitegravir. However, elvitegravir induced
FGF21 and repressed KLB at concentrations lower than those capable of eliciting overt
ER stress in hepatic cells, suggesting that pathways other than ER stress may be
additionally involved in elvitegravir effects. The results obtained using inhibitors of ER
stress and oxidative stress support the involvement, but not the exclusivity, of these
stress pathways in the cellular actions of antiretroviral drugs on the FGF21/KLB system.

Abnormally high FGF21 levels are considered a marker of disturbed metabolism in
non-HIV-infected patients with obesity, diabetes, or congenital lipodystrophy (15, 16,
42), whereas KLB repression is associated with an impairment of glucose uptake and
other health effects mediated by FGF21 (27). Studies in distinct HIV patient cohorts
have consistently reported that elevated FGF21 levels are associated with indicators of
insulin resistance, such as homeostatic model assessment of insulin resistance (HOMA-
IR), insulinemia, and glycemia (6-8, 16). Lifestyle interventions in HIV patients that
achieve metabolic improvement are also associated with a decline in FGF21 levels that
correlates with indications of improved energy metabolism (8). Further studies will be
needed to assess if treatment only with antiretroviral drugs identified as “neutral” in our
cell-based study protects HIV patients against abnormalities in the FGF21/KLB system
and concomitant metabolic disturbances.

The present in vitro study is obviously limited with respect to the translation of
results to considerations of the impact of patient treatments on the FGF21 system. The
average plasma concentration of drugs in patients under standard treatment regimens
is approximately 10 uM for efavirenz and lopinavir and 5 uM for elvitegravir (43-45),
indicating that the effects on human adipocytes and muscle cells in vitro reported here
occur in a concentration range that may have in vivo relevance. However, in our study,
efavirenz and elvitegravir were added to adipocyte and myotube cell cultures in
serum-free or low-serum-containing medium— culture conditions that are required for
the in vitro differentiation of human adipocytes and muscle cells but may result in
higher availability of the drugs owing to a lack of binding to proteins. Consistent with
this interpretation, the concentrations of efavirenz and elvitegravir required to cause
FGF21 induction/KLB repression in hepatic cells, which require 10% fetal bovine serum
(FBS), were higher, implying that the presence of high levels of drug-binding proteins
in the medium reduces the actual amount of drug available to the cell. On the other
hand, one study that measured the accumulation of certain antiretroviral drugs in
adipose tissues showed concentrations close to 100 nmol/g tissue for efavirenz and 1
nmol/g for the PI ritonavir (46); thus, intracellular concentrations, at least for efavirenz,
may be higher than the plasma concentrations.

In summary, several antiretroviral drugs used in HIV therapy and belonging to
distinct drug classes have been identified for the first time as triggering disturbances in
the FGF21/KLB system in human hepatic, adipose, and muscle cells in culture. These
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drugs cause reciprocal FGF21 induction/KLB repression alterations that commonly
occur in HIV patients undergoing antiretroviral treatment. ER stress/oxidative stress
mechanisms appear to be involved in these effects. Considering the potential role of
disruptions in the FGF21 system in metabolic, cardiovascular, and bone-related alter-
ations, the data presented here could inspire further research designed to improve
antiretroviral treatments so as to minimize the adverse effects of antiretroviral agents
in HIV-1-infected patients.

MATERIALS AND METHODS

Reagents. The following chemicals/drugs were used: zidovudine (GlaxoSmithKline), stavudine
(Bristol-Myers Squibb), tenofovir disoproxil fumarate (Gilead Sciences), nevirapine (Boehringer Ingel-
heim), efavirenz (Bristol-Myers Squibb), rilpivirine (Janssen Pharmaceuticals, Inc.), ritonavir (Abbott
Laboratories), lopinavir (Abbott Laboratories), nelfinavir (Agouron), atazanavir (Bristol-Myers Squibb),
raltegravir (sc-364600; Santa Cruz), elvitegravir (Gilead Sciences), maraviroc (Pfizer), tunicamycin (T7765;
Sigma-Aldrich Biotechnology), thapsigargin (T9033; Sigma-Aldrich), 4-phenylbutyric acid ([PBA] P21005;
Sigma-Aldrich), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid ([Trolox] 648471; Calbiochem),
and rosiglitazone (ALX-350-125; Alexis Biochemicals). The reagents for cell culture were from Sigma-
Aldrich, whereas media and FBS were from Life Technologies. For initial assessments of the effects of
antiretroviral drugs prior to concentration-response analyses, the drugs were used at the highest
concentrations that did not cause cytotoxicity in specific cell systems. The drugs were dissolved using
dimethyl sulfoxide (DMSO) as the vehicle. Controls included amounts of DMSO (=0.1% DMSO of total cell
medium volume) equal to those used in drug-treated cells.

Cell culture. The HepG2 cell line (ATCC HB-8065), used for studies on human hepatic cells, was
cultured in Dulbecco’s modified Eagle medium (DMEM) containing 10% FBS. The human SGBS preadi-
pocyte cell line (47) was used for studies on adipocytes. Human SGBS preadipocytes were cultured and
differentiated to adipocytes as previously reported (36). Briefly, SGBS preadipocytes were maintained in
DMEM/F12 containing 10% FBS. After the cells had become confluent, adipogenic differentiation was
initiated by first incubating the cells for 6 days in serum-free medium containing 20 nM insulin, 0.2 nM
triiodothyronine (T3), and 100 nM cortisol, supplemented with 25 nM dexamethasone and 500 uM
3-isobutyl-methylxantine. The cells were subsequently switched to adipogenic differentiation medium
containing insulin, T3, and cortisol only and maintained for up to 10 days, at which point, more than 90%
of the cells had acquired a differentiated adipocyte morphology, as evidenced by lipid droplet accumu-
lation. Depending on the experimental design, the cells were treated with drugs throughout the 10-day
differentiation process or acutely for 24 h once cells had differentiated. For studies on human skeletal
muscle cells, LHCN-M2 myoblastic cells were differentiated to myotubes as previously reported (23).
Briefly, myoblastic LHCN-M2 cells were cultured in DMEM/medium 199 containing 15% FBS and
supplemented with 60 png/ml ZnSO,, 14 ng/ml vitamin B,,, 55 ug/ml dexamethasone, 30 pg/ml human
hepatocyte growth factor, and 10 wg/ml basic fibroblast growth factor (FGF2). When cells reached ~80%
confluence, the culture medium was replaced with fresh DMEM/medium 199 supplemented with 0.5%
FBS, 1 mg/ml insulin, 10 mg/ml apo-transferrin, and 55 ng/ml dexamethasone. After culturing for 2 days,
the medium was replaced with DMEM/medium 199 supplemented with 55 wg/ml dexamethasone, and
the cells were further cultured for 10 days, at which point, more than 90% had acquired a
differentiated phenotype on the basis of their multinucleated fused myotube morphology. LHCN-M2
myotubes were exposed to drugs for 24 h. For the analysis of FGF21 protein levels, the cell culture
medium was harvested 24 h after the replacement of the cell culture medium in the presence of the
drugs tested.

RNA isolation, conventional reverse transcription-PCR, and quantitative reverse transcription-
PCR. Total RNA was extracted from cells using an affinity column-based method (Macherey-Nagel) as
previously described (36). Reverse transcription was performed in a total volume of 20 ul using random
hexamer primers (Applied Biosystems) and 0.5 pg total RNA. PCR was performed on an ABI/Prism 7700
sequence detector system using 25 ul of a reaction mixture containing 1 ul of cDNA, 12.5 ul of TagMan
Universal PCR master mix, 250 nM probes, and 900 nM primers from an Assays-on-Demand gene
expression assay mix (TagMan; Applied Biosystems). The following Assay-on-Demand probes from Life
Technologies were used: FGF21, Hs00173927; KLB, Hs00545621; CHOP10, Hs99999172; HSPA5, Hs99999174; HPRT,
Hs99999909; RPLPO, Hs99999902; and 18S rRNA, Hs99999901. Controls with no RNA, primers, or reverse
transcriptase were included in each set of experiments. The relative amount of individual mRNAs was
calculated using the comparative (2-22¢") method and normalized to that of the reference control gene
(HPRT mRNA) according to the manufacturer’s instructions. Each sample was run in duplicates, and
the mean value of duplicates was used in calculations. Parallel calculations performed using other
reference control genes (RPLPO mRNA and 18S rRNA) yielded essentially the same results.

Plasmid constructions and dual luciferase reporter assays. For studies on the transcriptional
activity of FGF21 and KLB genes, HepG2 hepatic cells and HIB1B adipogenic cells (48), respectively, were
grown in 24-well plates and transiently transfected at ~50% confluence with the corresponding
promoter-luciferase reporter plasmids using Lipofectamine (Invitrogen). The reporter plasmid —1497-
FGF21-Luc, containing a DNA fragment corresponding to positions —1,497 to +5 of the 5’ region of the
mouse Fgf21 gene linked to the firefly luciferase gene, and a —77-FGF21-Luc mutant construct contain-
ing only the —77/+5 region of the FGF21 gene, were reported previously (48). The reporter plasmid
driven by the KLB gene promoter, containing a DNA fragment corresponding to positions —1,055 to +45,
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was obtained from SwitchGear Genomics. Cells were also cotransfected with a pRL-CMV expression
vector for Renilla luciferase (Promega). Each transfection condition was assayed in triplicates. The cells
were incubated for 48 h after transfection and then incubated with or without drugs, as indicated in the
text, for an additional 24 h before harvesting. Luciferase activity was measured on a Glomax 96
microplate luminometer using a dual luciferase reporter assay system kit (Promega). Promoter construct-
driven luciferase activity was normalized to that of Renilla luciferase, used as a control for variations in
transfection efficiency.
FGF21 protein analysis. FGF21 protein levels in cell culture media were determine using an
enzyme-linked immunosorbent assay (ELISA) specific for human FGF21 (RD191108200R; Biovendor) as
described previously (48). For cultures of HepG2 cells, the medium had to be concentrated (1,000 ul to
50 wl) using centrifugal filters (UFC 50195; Amicon) to achieve measurable amounts of FGF21 in the
ELISAs.
Statistical analysis. In studies comparing high concentrations of different drugs, statistical analyses
were performed using Student’s t tests to compare the effects of each drug with that of the control. In
the case of concentration-response studies, statistical analyses were performed using a one-way analysis
of variance (ANOVA) followed by a Dunnett’s test. Differences with P values of <0.05 were considered
statistically significant.
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Supplementary Figure 1. Concentration-response effects of efavirenz,

lopinavir/ritonavir, elvitegravir and raltegravir on the expression of FGF21,
KLB, CHOP10 and HSPA5 mRNAs in human hepatic cells. HepG2 cells

were treated with the indicated concentrations of drugs for 24 hours. Data are

presented as means + SEM from 4-5 independent experiments, and are

expressed relative to values for control cells (defined as 1). *P < 0.05, **P <

0.01, and ***P < 0.001 for each drug treatment vs. control.
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Supplementary Figure 2. Concentration-response effects of efavirenz,

lopinavir/ritonavir, elvitegravir and raltegravir on the expression of FGF21,

KLB, CHOP10 and HSPA5 mRNAs

in human adipocytes during

differentiation. SGBS human preadipocytes were differentiated in culture into

adipocytes in the presence of the indicated concentrations of drugs. Data are

presented as means + SEM from 4-5 independent experiments, and are

expressed relative to values for control cells (defined as 1). *P < 0.05, **P <

0.01, and ***P < 0.001 for each drug treatment vs. control.
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Supplementary Figure 3. Concentration-response effects of efavirenz,

lopinavir/ritonavir and elvitegravir on the expression of FGF21, KLB,
CHOP10 and HSPA5 mRNAs in SGBS human adipocytes differentiated in

culture. SGBS human preadipocytes were differentiated in culture into

adipocytes and treated with the indicated concentrations of drugs for 24 hours.

Data are presented as means + SEM from 4-5 independent experiments, and

are expressed relative to values for control cells (defined as 1). *P < 0.05, **P <

0.01, and ***P < 0.001 for each drug treatment vs. control.
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